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ABSTRACT 
Thermoplastic elastomers with thermally reversible physical crosslinks are 
ideal alternates to thermoset rubbers because of their recyclable and reprocessible 
nature. Styrenic block copolymers represent the most inexpensive block 
copolymers on the market. However, challenges remain in tailoring thermal and 
mechanical properties and enhancing upper service temperature.  
Living anionic polymerization (LAP) is the most powerful synthetic 
technique to generate well-defined polymers and block copolymers. In this 
dissertation, we present preparation of new functionalized macromonomers and 
block copolymers by LAP. Our aim is to develop TPEs with enhanced UST and 
tailorable properties by design of macromonomers with tunable conformation and 
functionalizable TPEs with ability in undergoing versatile post-polymerization 
modification.  
General aspects of styrenic TPEs, motivations, classic and state-of-the-art 
linear ABA triblock copolymer TPEs, followed the importance of macromonomers 
in preparing multigraft copolymer TPEs with exceptional elasticity are presented, 
in Chapter 1. High vacuum experimental techniques in LAP are also introduced. 
Incorporating PBF into multigraft copolymer side chains enables the thermal 
and mechanical properties of multigraft TPEs to be tuned by changing architecture 
and conformation. We describe the first synthesis of polybenzofulvene (PBF) 
macromonomer with styrenic end-functional groups through four different 
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approaches by LAP and post-polymerization modification. The pros and cons of 
each method are discussed accordingly.  
In the next chapter, we discuss the correlation of microstructure, chain 
flexibility and glass transition temperature of PBF by studying the solution 
properties (specifically, characteristic ratio C∞). PBF with varied 1,2-/1,4 addition 
ratios were prepared by LAP. Their intrinsic viscosity and molecular weights were 
readily measured for monodisperse fractions by online SEC equipped with multiple 
detectors. The Burchard-Stockmayer-Fixman (BSF) model was used to derive C∞. 
The preparation and characterization of a highly functionalizable ABA block 
copolymer TPE with poly(4-vinyl pyridine) (P4VP) hard segments is discussed in 
Chapter 4. Morphological, mechanical properties and thermal properties were 
studied for diblock and triblock copolymers with different compositions and 
molecular weights. 
In the end, conclusions and prospects for future work are presented.  
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1.1 Introduction to Styrenic Thermoplastic Elastomers  
Thermoplastic elastomers (TPEs) are synthetic polymers that combine 
processibility and recyclability of thermoplastics with the outstanding elastomeric 
properties of vulcanized (chemically crosslinked) rubbers. Based on their chemical 
composition, commercialized TPEs are generally classified into the following 
seven groups: (1) styrenic block copolymer thermoplastic elastomers (S-TPEs); 
(2) polyolefin-based thermoplastic elastomers (TPOs); (3) thermoplastic 
polyurethane (TPUs); (4) thermoplastic polyamides (TPAs); (5) thermoplastic 
copolyester elastomers (COPEs); (6) polymer blends by dynamic vulcanization 
(TPVs); and (7) ionomeric thermoplastic elastomers.1   
The biggest advantage of TPEs as compared to conventional vulcanized 
rubber (chemically crosslinked) is that they can be melted and processed into a 
desired item by high through-put processing, such as injection molding and melt 
extrusion, due to no need for a curing process. Thus, they are lower in cost and 
completely recyclable as compared to chemically crosslinked rubber. TPEs also 
benefit from softness, very low density, and easy coloring. However, the heat 
resistance and elasticity of TPEs is lower than that of cured rubbers.  Even though, 
they have a wide range of applications in the worldwide elastomer market, as 
sealants, coatings, adhesives, sporting good components, automotive parts, 
footwear, and as biomedical materials.1 (Figure 1.1) 
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Figure 1.1 Wide applications of TPEs. 1 
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Styrenic thermoplastic elastomers (S-TPEs) are styrenic block copolymers 
(SBCs) based on styrene and dienes. Linear ABA typed block copolymer, 
polystyrene-b-polyisoprene-b-polystyrene (SIS) (e.g. Kraton®) and polystyrene-b-
polybutadiene-b-polystyrene (SBS) (e.g. Styroflex®), are the most famous S-TPEs. 
They were first developed by Holden and Millkvich in the early 1960s and have 
since then have become widely used in our daily life.2, 3 Among all TPEs, S-TPEs 
has the largest consumption in the global TPE market over the last few decades .4 
(Figure 1.2) The S-TPEs had a revenue of 4.24 billion dollars in 2015, half of the 
whole TPE market revenue, and is expected to increase at a 4.5% annual growth 
rate.5 The advantages of S-TPEs include low cost, good elasticity, high tensile 
strength, weather resistance, softness and nontoxic nature.  
The exceptional mechanical properties of S-TPEs are attributed to the 
microphase separation between the two chemically incompatible domains where 
hard polystyrene (PS) domains serve as physical crosslinks for the soft 
polybutadiene (PB) or polyisoprene (PI) matrix. Figure 1.3 shows the microphase 
separation and physical crosslinks in SIS with 85~70% of PI and 15~30% of PS. 
The hard segments form three-dimensional structures that link the rubbery matrix 
together, providing strength, elasticity recovery and accessibility to melt 
processing. 
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Figure 1.2 Global market size of SBCs in 2001. Reproduced from reference.4 
 
 
Figure 1.3 Microphase separation and physical crosslinks for SIS with 85~70% of 
PI and 15~30% of PS by volume.1 
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The mechanical properties, such as tensile strength and strain, Young’s 
modulus, and elasticity, are closely related to the morphology of S-TPEs. 
Therefore, we will first elucidate on morphology of linear ABA typed block 
copolymers. ABA triblock copolymers have same composition-morphology phase 
diagram as AB diblock copolymers.6 (Figure 1.4) As predicted by the self-
consistent mean-field (SCMF) theory, with volume fraction of A block (fA) 
increasing, A and B blocks of linear ABA typed TPEs self-assembly into closely 
packed spheres (CPS), then passing through body-centered cubic spheres (S), 
hexagonally packed cylinders (C) and bicontinuous gyroids (G), to lamellae (L), 
followed by inverse morphologies when the composition is inverted (L – G’– C’– 
S’–CPS’ – disordered).6 The commercial TPEs usually consist of less than 30% of 
PS to maintain discrete PS domains that are dispersed in a PI matrix (either 
spherical or cylindrical morphology), which is required for recovery elasticity.  
1.2 Motivations 
1.2.1 TPEs with Tunable Glass Transition Temperature  
Styrenic block copolymer TPEs are the most widely used TPEs in the global 
TPE market. However, one major disadvantage of SBCs is the restricted upper 
service temperature (UST), which is limited by the glass transition temperature (Tg) 
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Figure 1.4 (a) Equilibrium morphologies of AB diblock copolymers in bulk. (b) 
Theoretical phase diagram of AB diblock copolymers predicted by the self- 
consistent mean-field theory. (c) Experimental phase diagram for PI-b-PS. fA 
represents the volume fraction of PI and PL = perforated lamellae.6 
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of polystyrene (Tg ~ 100 °C). When the service temperature approaches 100 °C, 
softening of PS leads to a sharp drop of storage modulus. How to improve upper 
service temperature has become a major focus in TPE research.  
Numerous studies have been carried out to increase the UST of linear 
SBCs.7-14 One method is to saturate polystyrene to poly(vinyl cyclohexane) by 
catalytic hydrogenation, which increases Tg by 41°C.9 Another more general 
method is to replace polystyrene with another polymer having a higher Tg. Anionic 
polymerization has been used in industry to prepare styrenic TPEs. Polymers of 
styrene derivatives with bulky substituents were reported to enhance UST of linear 
SBCs. Fetters et al. employed poly(α-methyl styrene) (Tg ~173 °C)7, but the ceiling 
temperature of polymerization is very low and -78 °C polymerization in 
tetrahydrofuran (THF) is required for high conversion, and polymerization in THD 
endows polydienes with undesirable low 1,4-microstructure. Poly(alkyl 
methacrylate)s are another type candidate for high Tg polymer blocks synthesized 
by anionic polymerization. The glass transition temperature is largely dependent 
on substituents, for example, poly(methyl methacrylate) (Tg ~122 °C for 
syndiotactic) and poly (isobornyl methacrylate) (Tg ~ 202 °C).10, 11 The drawback 
is that the presence of electrophilic acrylate groups makes the anionic 
polymerization more challenging that of styrene derivatives. Low polymerization 
temperature (-78 °C) and polar solvent are required.15 Even though the Tg is 
elevated using these polymers, the glass transition temperature is not tunable.  
  
10 
Recently, a polydiene, polybenzofulvene (PBF), with higher Tg has been 
utilized as glassy blocks to improve UST of linear SBCs. Wang et al. synthesized 
polybenzofulvene-b-polyisoprene-b-polybenzofulvene (FIF) linear triblock 
copolymers in hydrocarbon solvent at room temperature by living anionic 
polymerization. The glass transition temperature of PBF can be tuned from 153 °C 
to 199 °C by varying the microstructure of the diene units using different polar 
additives in hydrocarbon solvent by anionic polymerization.14 Moreover, the glass 
transition temperature increases as 1,2-addition% increases. Previously studies of 
polydienes indicates the increase in Tg is attributed to decrease in less flexible 
chain conformation. 
In this dissertation, PBF with tunable conformation was used as glassy 
building blocks of multigraft TPEs. Besides tailorable and enhanced glass 
transition temperature, another advantage of such design will be introduced in the 
following section. 
1.2.2 TPEs with Highly Tunable Properties by Incorporating Macromonomer 
with Tailorable Conformation  
Tailoring mechanical properties of thermoplastic elastomers for various 
applications is another important research area both in academia and industry. 
The most fundamental way is to change the chemical compositions during 
synthesis. For example, at same molecular weight, SBS triblock TPEs with higher 
PS composition exhibit higher ultimate stress and Young’s modulus, and generally 
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decreased strain at break.16 (Figure 1.5) However, the PS content of ABA styrenic 
TPEs is limited to less than 35 vol% of PS to maintain spherical or cylindrical 
morphology with continuous soft matrix.17 Shown in Figure 1.5, the SBS TPE 
exhibits elastic behavior at 13 wt% (12 vol%) and 28 wt% (27 vol%) PS with 
spherical and cylindrical morphology, respectively. In contrary, a yield point at and 
above 39 wt% (36 vol%) of PS and behaves more like plastic and starts to lose 
elastic recovery, because a lamellar morphology and reversed morphologies do 
not have the desirable continuous polydiene phase. Commercial TPE Styroflex® 
(BASF) contains up to 58 wt% PS without plastic deformation by randomly styrene 
into the soft butadiene middle block in anionic polymerization. Significant increase 
in Young’s modulus is observed for for Styroflex®, 42.7 MPa compared to 7.83 
MPa for Kraton® with 20 wt% PS.18  
Changing architectures allows morphology to be tuned independently from 
volume fraction. Milner’s theory predicted the morphology of AmBn miktoarm star 
copolymers may be controlled by the molecular asymmetry parameter, 𝜖 =(𝑛A/𝑛B)(𝑙A/𝑙B)1/2.19 𝑛A/𝑛B is the architectural parameter, where 𝑛i is the number of 
the block A at one junction point. The latter factor is the conformational asymmetry (𝑙A/𝑙B)1/2. Specifically, 𝑙i = 𝑣i/𝑏i6, where 𝑣i and 𝑏i stands for segmental volume and 
  
  
12 
 
Figure 1.5 Influence of PS content and morphology on tensile properties of SBS 
TPE.17   
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statistical segment length, respectively. Figure 1.6 shows the phase diagram of 
AmBn miktoarm star and its dependence on asymmetric parameter calculated by 
Milner. 19 For SIS or IS block copolymer, 𝜖 = 1, while for a SI2 miktoarm star 
copolymer, 𝜖 = 1.8.20 The phase diagram is then shifted, where the hard domain 
can remain a cylindrical morphology at 40 vol% where SIS is lamellar morphology 
already.19  Shi and his co-workers synthesized S(IS’)3 asymmetric star-block 
copolymer where one long PS block connected with three PI-PS’ diblock in the 
same core, a hexagonal packed cylindrical morphology was achieved with 50% 
v/v of PS because of architectural asymmetry. (Figure 1.7) The material is tough 
and highly elastic, showing a Young’s modulus of 12.3 MPa with only 10% percent 
strain residue after 450% applied strain.21 By blending homo-polystyrene in S(IS’)3, 
they obtained a strong miktoarm star TPE combining high rigidity (Young’s 
modulus of 90 MPa) and high recovery elasticity (90%) with up to 82% PS in 
aperiodic “bricks and mortar” mesophase.22   
Multigraft copolymers can be regarded as a series of miktoarm stars linked 
together. (Figure 1.8 (a)) The experimental results show that Milner’s theory is 
effective in predicting the morphology of multigraft copolymers.23 Mays’ group 
developed well-defined multigraft copolymers polyisoprene-g-polystyrene TPEs 
that exhibit superior elongation at break and elastic recovery with competitive 
tensile strength. 18, 24-27 The centipede multigraft copolymer PI-g-PS exhibits very 
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Figure 1.6 phase diagram of AmBn miktoarm star and its dependence on 
asymmetric parameter calculated by Milner. 19 
 
 
 
Figure 1.7 S(IS’)3 asymmetric star-block copolymer TPE achieved a hexagonal 
packed cylindrical morphology with 50% v/v of PS because of architectural 
asymmetry. The material is tough and highly elastic, showing a Young’s modulus 
of 12.3 MPa with only 10% percent residual strain after 450% applied strain.21 
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Figure 1.8 (a) Multigraft copolymers can be regarded as a series of miktoarm stars 
linked together. For example, a “centipede” multigraft copolymer can be seen as 
several IS2 star linked together. (b) Different architectures of multigraft copolymers: 
“centipede” (top) and “barbwire” (bottom) shaped multigraft copolymer. 
+ + +
IS2
(a) (b)
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low residual strain of 14% after 1400% elongation, while Styroflex® with similar PS 
content had 90% residual strain after 500% strain.26  This is attributed to the 
presence of multiple points along the same backbone tethering the backbone to 
multiple glassy domains.26 Thus the mechanical and morphological properties can 
be controlled by changing architectural parameter, either by changing  number of 
branches and junction point functionality. 26 “Centipede” and “barbwire” 
architectures are shown in Figure 1.8 (b). 
If we incorporate PBF into multigraft copolymers as the side branches, the 
morphological and mechanical properties can not only be tuned the architectural 
parameter, but also by conformational parameter that is tailored by the PBF 
microstructure. At the same time, the resulting TPEs will have high UST and 
tunable Tg. Therefore, PBF is good candidate as side branches of multigraft TPEs. 
Macromonomer approach is a versatile and effective method in preparation of well-
defined multigraft copolymers by using macromonomers from anionic 
polymerizations.28-31 To our best knowledge, no research has been reported on 
preparation of well-defined PBF macromonomers by anionic polymerization.  
1.2.3 TPEs with Highly Tunable Properties by Modification 
Tailoring mechanical and thermal properties by modification of TPEs, either 
by forming polymer nanocomposites or chemical functionalization, has also gained 
growing interest. Compared with changing monomer structure, block content or 
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polymer architecture, this is a versatile way to develop diverse TPE products from 
existing polymers.  
Incorporating nanofillers into polymer can not only enhance mechanical 
properties,32 but impact thermal properties,33 electrical conductivity,34 
magnetism,35 and stimuli responsive properties36, 37. Polymer-nanoparticle 
composites represent a major research focus in the rubber and TPE industries.38 
As far back as the early 1900s, vulcanized rubber has been blended with solid 
nanoparticle fillers, such as carbon black, zinc oxide and magnesium sulfate, to 
enhance toughness and thermal properties of automobile tires.39 One of the major 
challenges in engineering polymer nanocomposites is breaking up the inherent 
aggregation tendency of nanoparticles in order to achieve controlled dispersion in 
polymer matrix. Surface modification of nanoparticles is one way to enhance their 
interactions with polymer. Ilčíková et al. grafted PBA-b-PMMA block copolymers 
from carbon nanotubes (CNT), and achieved excellent dispersion in PMMA-PBA-
b-PMMA thermoplastic elastomer. The final composite showed enhanced elasticity 
as compared to the neat triblock TPE, and photoactutating behavior in sample 
length.40 Moreover, the interactions can be enhanced further by covalently 
tethering polymer chains to nanoparticles. Jiang et al.  synthesized composite star 
shaped acrylic TPEs by grafting PBA-g-PMMA from Fe3O4 magnetic 
nanoparticles.35 Homogenously distributed inorganic nanoparticles work as 
physical crosslink sites, strongly enhancing strain and stress at break up to 921% 
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and 14.6 MPa, respectively, in contrast with lower stress and strain in 20-arm PBA-
g-PMMA star copolymer41 (375% and 7.4 MPa, respectively) and linear triblock 
PMMA-b-PBA-b-PMMA42 (520% and 5.2 MPa, respectively). These results 
demonstrate that addition of nanoparticles could be an effective way to improve 
mechanical properties of TPEs. Additionally, secondary noncovalent forces 
including H-bonding,43, 44 host-guest interaction,45 ionic interaction,46 and metal-
ligand coordination47-49 between polymers and organic/inorganic nano-fillers have 
been widely applied. Phua et al. reported reinforced initial modulus, stress and 
strain at break addition of nanoclay into polyether polyurethane (PU).44 (Figure 1.9) 
The enhancement was attributed to better interfacial stress transfer in hard domain 
by H-bonding between PU hard segment and nanoclay fillers.  
Finally, post-polymerization functionalization of TPEs by chemical reactions 
such as hydrolysis and quaternization also have been proved to be effective 
methods to tune the mechanical properties. By hydrolysis of poly (tert-butyl 
methacrylate) (PtBMA) branches of poly(n-butyl acrylate)-g-poly(tert-butyl 
methacrylate) prepared by the macromonomer approach, the tensile strength at 
break of the graft copolymer increased more than fourfold, with decreased strain 
at break.50 Figure 1.10 shows the stress-strain curve of multigraft copolymers with 
0%, 42% and 54% hydrolysis. The enhancement comes from the introduction of 
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Figure 1.9. (a) Structures of polyether polyurethane and incorporated nanoclay that 
forms H-bonding with PU. (b) Enhanced mechanical properties of PU/nanoclay 
composites.44 
  
(a)
(b)
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H-bonding into the hard domain, making the material tougher. Similarly, 
quaternization reaction can incorporate ionic bonding in TPEs, providing more 
strength. Jiang et al. employed poly (isobornyl acrylate) as glassy side blocks, and 
poly(n-butyl acrylate)-co-poly(1-vinylimidazole) (P(BA-co-VI)) as middle block. The 
imidazole groups were quaternized using 1,6-dibromohexane to form ionic 
crosslinking between soft segments, which raised the ultimate tensile strength 10 
fold and increased elastic recovery by 90%.51  
1.3 Synthesis of Linear ABA Block Copolymer TPEs 
Linear block copolymers can be synthesized by anionic, cationic, and 
“living”/controlled radical mechanisms, metal catalyzed ring-opening 
polymerization, as well as metathesis polymerization. For linear ABA type block 
copolymers, there are generally three methods: (a) sequential addition of 
monomers; (b) use of difunctional initiator and sequential addition of B block and 
A block monomers; (c) coupling of living diblock copolymers. 
1.3.1 By Living Anionic polymerization  
Since first discovered by Swarc more than 60 years ago,52 living anionic 
polymerization has been the most powerful technique to prepare model  
(co)polymers with stoichiometrically controlled molecular weight, tuned 
microstructure and architectures, narrow molecular weight distribution, and high 
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Figure 1.10 Stress-strain curves of PBA-g-PtBMA graft copolymers with 0 %, 42 % 
and 54 % hydrolysis degrees. 50  
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conversion. Living anionic polymerization thus contributed tremendously to the 
synthesis of block copolymers and correlation of structure-property relationships 
for polymers.53, 54  
Monomer reactivity is a critical factor in terms of anionic polymerization to 
create block copolymers by sequential monomer addition. The anion of the first 
block must be reactive enough to initiate the second monomer. The more reactive 
(more electrophilic) the monomer is, the less reactive its living anion is. Therefore, 
monomers need to be added in the sequence of decreasing monomer reactivity: 
styrene < dienes (isoprene and butadiene) < alkyl methacrylate <siloxane <vinyl 
pyridine.15 Another requirement is full conversion of the first monomer before 
addition of the second one. In terms of synthesis of symmetric ABA triblock 
copolymers, sequentially adding monomers encounters this problem of monomer 
reactivity when initiating the monomer for the last A block. For example, during 
preparation of polystyrene-b-polyisoprene-b-polystyrene (PS-b-PI-b-PS), the living 
PS-PI¯Li+ is not reactive enough to initiate styrene in hydrocarbon solvent. Addition 
of polar additives such as tetrahydrofuran (THF) is necessary to enhance the 
nucleophilicity of the PI anion by loosening the PI¯Li+ ion pair association. Note 
that polymerization of diene monomers in hydrocarbon solvents is important to 
insure high cis-1,4-content in order to provide low glass transition temperature for 
TPE soft segments.  
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The second method is to use a difunctional initiator, with two initiator sites 
which exhibit equal reactivity. The middle block B is first polymerized and then 
serves as initiator for the monomer of the end blocks A in two directions at the 
same time. Therefore, the monomer of the B block needs to be less reactive than 
that of the A block. Highly symmetric ABA copolymers can be prepared by this 
method. By using difunctional alkyl lithium initiators derived from sec-BuLi and 1,3-
diisopropenylbenzene, and addition of tetramethylethylenediamine (TMEDA), 
narrow distributed poly (cyclohexadiene)-b-polybutadiene-b-poly (cyclohexadiene) 
(PCHD-b-PBD-b-PCHD) were synthesized in the hydrocarbon solvent 
cyclohexane.55 More recently, polybenzofulvene-b-polyisoprene-b-
polybenzofulvene TPE were synthesized by initiating isoprene with (1,3-
phenylene) bis (3-methyl-1-phenylpentylidene) dilithium initiator with presence of 
lithium sec-butoxide in benzene, followed by addition of the highly polymerizable 
monomer benzofulvene.14 When the A blocks are polymers from polar monomers 
such as alkyl methacrylate, and vinyl pyridine, the initiation of the second monomer 
needs to be conducted in polar solvents at low temperature. Moreover, the living 
center of carbanion from more reactive living PI or PS need either be end-capped 
with 1,1-diphenylethylene (DPE), or addition of lithium salt must be carried out, in 
order to reduce chain end reactivity, thus avoiding the nucleophilic attack on the 
carbonyl or reactive alpha proton.  For example, to prepare poly(methyl 
methacrylate)-b-polyisoprene-b-poly(methyl methacrylate) (PMMA-b-PI-b-
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PMMA), difunctional living PI¯Li+ was first prepared in hydrocarbon solvent, after 
which polar solvent THF and lithium chloride salt is introduced, followed by 
polymerization of MMA at -78 ºC.56    
In the case of living anionic polymerization, a third method could be applied, 
which involves preparation of diblock copolymer having half of the molecular 
weight of ABA block copolymers, and linking the living anion on B block with a 
highly reactive linking agent, for example dimethyldichlorosilane.55 To achieve 
complete linking reactions, the living diblock copolymer is generally required to be 
in excess, thus leading to need of purification by fractionation of resulting 
triblock/diblock copolymer mixtures. Commercially an excess of diblock would not 
be used and the resulting dibloock/triblock mixture would be utilized without 
purification. 
1.3.2 By Living Cationic polymerization 
Styrenic TPEs with polydiene soft segments are subject to degradation by 
strong UV and oxidants, even hydrogenated polydienes due to the presence of 
less stable tertiary protons after hydrogenation. Polyisobutylene (PIB) made by 
living cationic polymerization has been used to replace polydienes as the soft 
middle block in TPEs to improve UV and oxidant resistance of TPEs. Triblock 
copolymers based on PS, or polymers of styrene derivatives, and PIB have been 
successfully prepared by cationic polymerization using difunctional initiator, and 
they have similar strain and stress at break with corresponding S-TPEs. High Tg 
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polymers, such as poly (p-chlorostyrene) (Tg~129 ºC) and poly(indene) (Tg~225 
ºC) prepared by cationic polymerization, along with low Tg PIB (-60 ºC), enable the 
creation of ABA TPEs with increased upper service temperature, high UV/oxidant 
resistant and comparable elastic properties to S-TPEs.  
1.3.3 By Controlled Radical Polymerization 
Controlled radical polymerization (CRP) (e.g. reversible addition-
fragmentation chain transfer polymerization (RAFT), atom transfer radical 
polymerization (ATRP), nitroxide-mediated polymerization (NMP), and many 
others) are especially advantageous in controlled polymerization of functionalized 
monomers due to its high tolerance of functional groups.57-60 Moreover, it is less 
sensitive to impurities and easier to perform as compared to ionic polymerization.57 
Interesting works have been carried out to shows the benefits of compatibility with 
various functional groups. Hayashi and coworkers incorporated poly(n-butyl 
acrylate)-co-polyacrylamide as soft middle block and poly(4-vinyl pyridine) as hard 
blocks by using a difunctional RAFT initiator.  The acrylamide and n-butyl acrylate 
engage in H-bonding thus leading to pseudo crosslinks among soft segments of 
different polymer chains, therefore enhancing the mechanical properties.61 (Figure 
1.11) One of the drawbacks of CRP is the incomplete conversion, especially with 
ATRP the reactions are generally around 50% conversion to achieve a “controlled” 
polymerization. This requires purification of the first block prior to addition of the 
second block, a process which is not acceptable commercially. Additionally, the 
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Figure 1.11 Structure and schematic demonstration of H-bonding transient 
crosslinks.61  
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 distribution of polymer molecular weight prepared by ATRP is relatively broad 
(~1.3 is typical), and the products contains diblock copolymer impurities that 
plasticize the triblock copolymers and compromise the mechanical properties.  
1.3.4 By Ring-opening Transesterification Polymerization  
Sustainable and biodegradable monomers like (L, D) lactide, menthide and 
caprolactones can be used for preparation of renewable and biodegradable TPE 
polymers by ring-opening transesterification polymerization (ROTEP) under metal 
catalysts.62-65 Hillmyer’s group prepared polylactide-b-poly(6-methyl-ε-
caprolactone)-b-polylactide (PLA-b-PεMCL-b-PLA) aliphatic polyester ABA 
triblock copolymers.64 The macroinitator with a hydroxyl group on both ends of 
PMCL was prepared using difunctional initiator 1,4-benzenedimethanol (BDM) and 
tin(II) ethylhexanoate (Sn(Oct)2) as the catalyst. (Scheme 1.1) The Tg of PLA from 
racemic LA is 60 ºC, working as the stiff hard block, and the Tg of PMCL is -45 ºC, 
performing as the soft block. The materials having 20 weight percentage of PLA 
with lamellar morphology exhibit 1880% strain at break and 10.2 MPa stress at 
break. More recently, they reported aliphatic ABA type TPEs having poly(γ-methyl-
ε-caprolactone) (PγMCL) as soft blocks and isotactic PLLA.65 Higher strength and 
toughness were seen due to semicrystalline PLLA hard blocks as compared to 
TPEs with amorphous PLA (with 17% PLLA, ultimate strain~ 35 MPa with ~900% 
elongation at break). The low entanglement molecular weight of PMCL in the two 
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examples (3 kg/mol and 2.9 kg/mol) are responsible for the high tensile strength 
of these materials. 
 
 
Scheme 1.1 Synthesis of PLA-b-PMCL-b-PLA by ring-opening transesterification 
polymerization.64 
 
1.3.5 By Metathesis Polymerization 
Metathesis polymerization, using metal catalysts such as Ziegler-Natta 
catalysts, is well-known for its application in polyolefin industry.66-69 ABA type 
polyolefin TPEs rely on soft low crystallinity polyolefin such as atactic 
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polypropylene (a-PP) and branched polyethylene, and hard semicrystalline 
polyethylene (PE), isotactic and syndiotactic polypropylene and other high 
crystallinity polyolefin.67, 68 Coates et al. developed α-diimine Nickel complexed 
“sandwich” catalyst, and prepared diblock to pentablock polyolefin TPEs consisting 
of high crystallinity rigid block poly(1-octene) and low crystallinity soft blocks from 
(1-octene) and ethylene copolymer.67 (Figure 1.12) The triblock showed 
competitive stress at break up to 23 MPa, strain at break of 750% and excellent 
elastic recovery. Stress-strain behavior of higher ordered block copolymers was 
similar to the triblock copolymer, but are much resistant to deformation.  
1.4 Multigraft Copolymer TPEs 
With recent advances in living/controlled polymerization, various non-linear 
architectures, including star7, 21, 22, 70, 71, graft, and cyclic72, 73 architectures, or their 
combinations74-77, have been synthesized during the past three decades. These 
non-linear macromolecular architectures (shown in Figure 1.13) deliver additional 
parameters for chemists to use in tuning mechanical properties, as well as 
incorporating additional functionality to TPEs.78 
Multigraft copolymers have attracted tremendous attention in the last 
decades as a good candidates for TPEs.31, 79-82 Mays and his coworkers 
synthesized and extensively studied a group of well-defined styrenic TPE PI-g-PS 
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Figure 1.12 Coates et al. developed α-diimine Nickel complexe “sandwitch” 
catalyst, and prepared diblock to pentablock polyolefin TPEs consisting of high 
crystallinity rigid block poly(1-octene) and low crystallinity soft blocks from 1-octene 
and ethylene copolymer.67 
 
 
 
Figure 1.13 Linear and complex architectures of thermal plastic elastomers. 
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with regularly spaced PS branches.18, 25, 26, 79, 83, 84 Certain compositions of the 
multigraft TPEs exhibit exceptionally high strain at break and low residual strain in 
hysteresis tests, resulting  in superelastic properties, as well as high tensile 
strength.26, 84  
Generally, there are three methods to synthesize graft polymers85: (1) the 
“grafting from” method,86-90 where co-monomers can propagate from initiation sites 
that are incorporated onto the polymer backbone (Scheme 1.2, (a)); (2) the 
“grafting onto” method,91-93 where the backbone is endowed with randomly 
distributed functional groups that are capable of coupling with end-functionalized 
graft chains (Scheme 1.2, (b)); (3) the “grafting through” method,30, 94, 95 where 
macromonomers with polymerizable terminal group are copolymerized with co-
monomers, and the branches are “sewn” into the main chain. (Scheme 1.2, (c)).  
Much progress have been made in synthesizing graft copolymers by 
living/controlled polymerization techniques, such as reversible addition-
fragmentation chain transfer polymerization (RAFT),96-99 atom transfer radical 
polymerization (ATRP),90, 96, 100, 101 ring-opening metathesis polymerization 
(ROMP),95, 102-104 and living anionic polymerization,79, 80, 105 using grafting 
from/onto/through methods. However, graft copolymers prepared by these 
methods generally have side chains randomly grafted along the backbone. To 
reveal the intrinsic structure-property relations for graft polymers, the synthesis of 
well-defined graft copolymers with narrow molecular weight distribution (MWD), 
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precise control of branch functionalities, the number of branching points, and 
placement of junction point is of great importance.  
 
 
Scheme 1.2 Methodologies for the synthesis of graft copolymers: (a) grafting from; 
(b) grafting onto; (c) grafting through. 
 
The recent progress in design and synthesis of well-defined multigraft 
copolymers and their mechanical properties as thermoplastic elastomers is 
summarized in the following.  
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1.4.1 Precise Synthesize of Multigraft Copolymers by Iterative Method  
Hadjichristidis and Paraskeva reported the first successful synthesis of 
exact graft copolymers, with PI as the backbone and PS as the side chain at 
precisely chosen points, by a stepwise iterative approach using 1,4-
bis(phenylethenyl)benzene (PDDPE),106 shown in Scheme 1.3.  
 
 
Scheme 1.3 Synthesis of exact polyisoprene-graft-polystyrene by an iterative 
approach basing on para-linked double diphenyl ethylene. 80  
 
A series of different iterative methodologies based on DPE derivatives as 
linking agents were applied by Hirao to achieve more branch point and 
2) MeOH
Isoprene
2) Isoprene
3) MeOH
1)
PDDPE
PI PS
2) MeOH
1) PDDPE
PI-g-PS
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functionality. As shown in Scheme 1.4, this unique iterative method includes three 
key steps: (1) synthesizing a PS-PMMA living diblock copolymer with an in-chain 
tert-butyldimethylsilyloxypropyl (SiOP) group, (2) transforming the in-chain SiOP 
group into a benzyl bromide (BnBr) group and (3) coupling PS-PMMA living diblock 
copolymer with BnBr in-chain functionalized PS-PMMA diblock copolymer. By 
repeating the iterative methodology, a series of exact graft copolymer PMMA-g-
PS was prepared with apparently perfect control over branch placements, the 
molecular weight of backbone, and polymer branches.80, 107, 108  
 
 
Scheme 1.4 Synthesis of poly(methyl methacrylate)-exact graft-polystyrene by an 
iterative methodology.	80  
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1.4.2 Regularly Spaced Multigraft Copolymers Synthesized by Chlorosilane 
Anion Coupling Reactions 
While Hirao and coworkers focused on developing synthetic strategies to 
prepare well-defined multigraft polymers with different chemical compositions. 
Mays and co-workers focused on synthesizing and understanding the structure-
property relationships of multigraft copolymers with elastic PI as the backbone and 
rigid PS as the graft chain. 
By tethering the rubbery backbone to glassy domains at multiple points 
along the backbone, the mechanical load upon stretching is more uniformly 
distributed through the system and the elastic backbone should exhibit superior 
elastic recovery. 79 This design is thus fundamentally different from linear SIS 
triblock copolymer type TPEs where only two PS end chains are covalently 
connected with each PI backbone. 
Combining living anionic polymerization and chlorosilane linking reactions, 
Mays and co-workers, in addition to studying the morphology of structures 
containing single centrally located and asymmetrically placed grafts,109-111  
prepared regular spaced multigraft copolymers having trifunctional, tetrafunctional 
and hexafunctional branch points.18, 23, 26, 27, 84 In the synthesis of tetrafunctional 
multigraft copolymers, two equivalents of living polystyrene anions were first 
reacted with one tetrachlorosilane to generate a “double-tail” PS macromonomer 
with two anion-reactive chlorosilane groups (Scheme 1.5, (b)).23, 27, 84 By further 
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coupling the PS macromonomer with difunctional living polyisoprene anions, 
centipede-like multigraft copolymers with two PS at the same branching points was 
prepared. Using a similar strategy but with different coupling agents such as 
methyltrichlorosilane or 1,6-bis(trichlorosilyl)-hexane (“hexachlorosilane”), comb- 
or barbwire-like multigraft copolymers with one or four PS chains at each branching 
points were synthesized.18, 26  
 
 
Scheme 1.5 Synthesis of regularly spaced (a) trifunctional (comb), (b) 
tetrafunctional (centipede), (c) hexafunctional (barbwire) multigraft copolymers 
using chlorosilane chemistry. 112. 
 
Since the final coupling reaction employs a step-growth mechanism, the 
prepared multigraft copolymers generally have a PDI around 2. Using 
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solvent/nonsolvent fractionation procedures, one can readily isolate multigraft 
copolymers with different average numbers of branch points and PDI (PDI ~ 1.2), 
providing ideal materials with which to study the influence of number of branch 
points on a wide range of properties such as morphologies,23 chain dynamics,113 
mechanical properties and hysteresis behaviors.18, 26, 84General nomenclature of 
these material is MG-x-y-z, where MG stands for regular multigraft, x (3, 4, and 6) 
is the junction point functionality, y refers to the volume percentage of PS, and z 
represents the average number of junction points.  
Multigraft copolymers PI-g-PS of appropriate architecture and composition 
are found to have exceptionally high strain at break and low residual strain in 
hysteresis tests, resulting  in superelastic properties, as well as high tensile 
strength. 26, 84 (Figure 1.14) For tetrafunctional multgraft copolymer with 21 vol% 
PS and ten branch points (MG-4-21-9.9), an unprecedented elongation at break of 
2100% was reported, almost double that of commercial TPEs such as Kraton® 
(1050% at similar composition) (Figure 1.14, (a)).84 The hysteresis experiments 
indicated that the tetrafunctional multigraft copolymers have only 40% residual 
strain after being elongated to 1400% strain.(Figure 1.14, (b)) These are 
exceptionally low values of permanent set for TPEs. The superelasticity of 
multigraft copolymers, in contrast to linear block copolymer TPE, is caused by their 
distinct molecular architecture, where the rubbery PI backbone is linked to multiple 
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Figure 1.14 (a) Stress-strain behavior compared to commercial thermoplastic 
elastomers. Reproduced with permission.18 (b) Hysteresis curve of tetrafunctional 
multigraft copolymer with 14 vol% PS and 5.5 branch points. 26,79  
  
(a) (b)
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rigid PS domains with two or more PS branches at each junction point. 18, 26, 27, 79, 
83 Thus, the elastic PI backbone is “reminded” at multiple points where it should 
return to once the load is removed. 1.4.3 Versatile Macromonomer Approach in 
Multigraft TPEs Synthesis 
1.4.3 Versatile Macromonomer Approach in Multigraft TPE Synthesis 
Advanced synthetic techniques enable precise control of macromolecular 
architectures and molecular weight of multigraft copolymer TPEs, helping chemists 
to elucidate the structure-property relationships of these materials. However, 
preparing multigraft copolymers by anionic polymerization requires complicated 
procedures and stringent reaction conditions.114 Developing a simple, low-cost 
approach to scale up the synthesis of multigraft TPEs is critical to fully explore their 
commercial potential. Macromonomer approach, also called “grafting through”, is 
a facile and versatile methods to prepare graft copolymers by various 
mechanisms.28, 31, 74, 77, 80, 82, 95, 115 One obvious merit of branch first is that it 
enables good characterization of branch molecular weight and distribution. Anionic 
polymerization has been recognized as the best way to prepare well-defined 
polymers, including macromonomers, with narrow molecular weight distribution.52, 
74, 77 Recently, Mays’ group developed facile technologies to realize the 
manufacturing of well-defined multigraft copolymers in future by using 
macromonomers prepared by anionic polymerization and copolymerization by 
solution polymerization or economic emulsion polymerizations.  
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They prepared all acrylic PBA-g-PMMA TPE with random branching by 
copolymerizing n-butyl acrylate with PMMA macromonomers of different molecular 
weights using RAFT polymerization. As compared to linear PMMA-b-PBA-b-
PMMA triblock copolymers, the PBA-g-PMMA graft copolymers exhibited an 
improved microphase separation. Among all the polymers studied, the sample with 
25-40 vol%, 11 kg/mol PMMA side chains exhibited good elastomeric properties 
(stress at break around 0.7 MPa, and elongation at break around 450% ), which 
are comparable to the performance of commercial linear all acrylic TPEs such as 
Arkema’s Nanostrength®.116 More recently, PBA-g-PMMA multigraft 
superelastomers with a higher branch molecular weight (33.8k), with elongation at 
break around 1700%, and excellent strain recovery with less than 15% 
hysteresis.28  
Water-based emulsion polymerization has been recognized as an “eco-
friendly” and economical method by which to produce polymeric products.117 
Meanwhile, the development in living/controlled radical polymerizations facilitate 
synthesis of well-defined TPEs in aqueous systems.118 Linear ABA triblock 
copolymers, such as PS-b-PBA-b-PS and polystyrene-b-poly(butadiene-stat-
styrene)-b-polystyrene, have been synthesized via combinations of NMP or RAFT 
with (mini)emulsion polymerization.119, 120 The idea of preparing multigraft TPE 
superelastomer copolymers by emulsion polymerization is highly intriguing both in 
academia and industry. 
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Wang et al. first prepared multigraft copolymer TPEs by combining living 
anionic polymerization with emulsion polymerization, shown in Scheme 1.6. 
 
 
Scheme 1.6 Multigraft copolymer TPEs prepared by combining anionic 
polymerization and emulsion polymerization: (a) and (b) synthesis of single- and 
double-tail macromonomer; (c) synthesis of the multigraft copolymer.121 
 
In their approach, single-tailed and double-tailed PS macromonomers with 
a polymerizable styrene end group were first prepared by linking hydroxyl-
terminated PS with mono- and di-carboxylic acid functionalized styrene derivatives 
(Scheme 1.6, (a)-(b)). Comb and centipede PBA-g-PS multigraft copolymers with 
up to 19 branch points were synthesized by copolymerizing these PS 
macromonomers with n-butyl acrylate in miniemulsion with AIBN (initiator), sodium 
dodecylbenzenesulfonate (SDBS) (surfactant) and hexadecane (HD) (co-
surfactant). 121 (Shown in Scheme 1.6, (c)) Comb-like styrenic multigraft copolymer 
nBA, AIBN, (co)surfactant
H2O
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PI-g-PS were also successfully prepared using a similar protocol.31 Multigraft 
copolymers synthesized by this approach generally have very high molecular 
weights, as is characteristic of emulsion polymerization and also desirable to 
optimize mechanical properties.  
1.5 High Vacuum Techniques for Living Anionic Polymerization 
1.5.1 Purification 
Ever since the first report of anionic polymerization by Szwarc in 1956,52  
living anionic polymerization has been proven the best way to synthesize model 
polymers for structure-property relation studies, investigating anionic 
polymerization of new monomers, as well as for constructing complex molecular 
architecture for specific applications.79, 122-125 Such chain growth polymerization 
can remain “living” without side reactions or termination in a polymerization.126 
Living anionic polymerization chain ends can be readily deactivated by air and 
reactive protons from moistures. Therefore, careful degassing and purging 
process and purification for monomers, solvents, and additives are required. A high 
vacuum like Figure 1.15 is usually used in purifications of chemicals and degassing 
of reaction system.127 On the left side, a diffusion pump and a mechanical pump 
together create the high vacuum (10-5~10-6 torr). Temperature difference required 
for high vacuum is created by heating and reflux of silicon oil in a diffusion pump  
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Figure 1.15 High vacuum line.127  
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and liquid nitrogen outside the liquid nitrogen trap. The two-stage high vacuum 
manifold is shown on the right side of the figure. Vacuum ports are used for 
connection with reaction or chemical glassware equipped with matched joint.  
Solvents 
Hydrocarbon solvents including benzene, hexane, and polar solvents including 
tetrahydrofuran (THF), are commonly used in anionic polymerization. Air trapped 
inside are rigorously removed by freeze-pump-thaw cycles under high vacuum.  
Moisture is removed by first drying over CaH2, followed by distillation into a flask 
with drying/reactive agents such as Na (or K, or alloy) or organometallics. These 
agents remove alcohols and other protonic impurities. Polystyryllithium exhibiting 
an orange or yellow color is used as an indicator of solvent quality for hydrocarbon 
solvent. Na (or K)/naphthalene radical anions having a dark green color are 
indicative of the anhydrous state of THF , as shown in Figure 1.16.128. Solvents 
can easily be distilled into another apparatus under high vacuum for dilution or use 
as reaction medium.  
Monomers 
Isoprene is a volatile monomer (boiling point 35 ºC under atmosphere 
pressure), and can be easily distilled with portable short-path manifold (Figure 
1.17, (a)), where one side was connected to flask A containing isoprene over CaH2 
and the other was side connected with flask B with n-BuLi.  After isoprene travelled 
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Figure 1.16 Moisture is removed by first drying over CaH2, then distilled into a flask 
with reactive agent such as Na (or K, or alloy) or organometallics. Styrene is 
reacted with butyl lithium to exhibit an orange or light yellow color as an indicator 
of solvent quality for hydrocarbon solvent. Na (or K)/naphthalene pair having a 
dark green color represents anhydrous state of THF. 128 
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Figure 1.17 Portable short-path manifold (a) and a calibrated ampulization 
apparatus (b).129 
 
  
a b
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to flask B, flask A is replaced with ampulization apparatus with calibrated ampules, 
shown in Figure 1.17, (b). The monomer is frozen in the ampules with liquid 
nitrogen and taken by flame sealing.129  
Polar monomers require more careful drying due to their hydrophilicity.  4-
vinyl pyridine (4VP) is dried over CaH2, and then distilled into the second flask with 
sodium pieces, and a third flask with diethyl zinc using the portable short-path 
manifold. Finally, the monomer is condensed in a pre-calibrated ampule and 
sealed with hand torch flame. Pure 4VP is highly reactive and must be diluted with 
solvent as soon as possible. The pure monomer ampule is attached onto an 
apparatus with a purging section, shown in Figure 1.18. 127 Next, the desired 
amount of purified THF from the reservoir is distilled from the vacuum line into the 
calibrated cylinder.  After three freeze-pump-thaw cycles, the apparatus is 
removed from the line by flame seal at the constriction above the flask. Purging is 
conducted by mixing washing solution n-BuLi-DPE in THF with distilled THF, then 
rinsing and purging all internal surfaces of the apparatus. All the liquid is collected 
back into the purging section, followed by distilling a calculated amount of THF 
back to the middle flask. Then purging section is removed and the monomer 
ampule is broken using a breaker and mixed with pure THF then removed from the 
apparatus. The monomer solution is then separated into calibrated ampules and 
stored until use.  
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Figure 1.18 Dilution apparatus.127 
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Benzofulvene (BF) is a highly reactive and polymerizable hydrocarbon 
monomer. Therefore, the obtained BF from column chromatography was diluted 
with benzene (or THF) anhydrous from the reservoir on vacuum line, then distilled 
over CaH2 and ampulized along with solvent. Monomer solutions were then diluted 
with benzene (THF) with a dilution apparatus in Figure 1.18.   
Initiator Preparation 
Sec-butyllithium and protected initiator (3-(ter-butyldimethylsilyloxy)-1-
propyllithium) were diluted using an apparatus in Figure 1.18.128 The initiators  
were injected into flame dried A through the septum, followed by distillation of 
purified hexane. The resulted solutions with concentration about 0.5M were amp 
ulized for further dilution with apparatus in Figure 1.18. The concentration was 
calibrated by a polymerization reaction with known mass (m) of monomers and 
known volume (V) of the initiator. After measuring the molecular weight (Mn) of the 
polymer by size exclusion chromatography, the initiator concentration (c) can be 
calculated by c = m	÷ (Mn × V). 
Difunctional initiator (DiLi) was synthesized by reaction between 1,3-bis(1-
phenylethenyl) benzene (PEB) and sec-BuLi.130 (Figure 1.19) PEB was purified by 
distillation from n-BuLi, followed by dilution and in hexane. First, hexane was 
distilled into A and the apparatus was removed by flame seal. After rinsing the 
whole apparatus with n-BuLi/hexane, hexane was collected back in A and the 
purging section was removed by heat sealing at constriction C. Sec-BuLi and PEB  
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Figure 1.19 Apparatus for synthesis of difunctional initiator.130 
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(molar ratio = 2.1:1) were then mixed in A and reacted to form solid precipitate 
DiLi, while unreacted sec-BuLi is soluble in hexane thus was removed by pouring 
the liquid solution into flask B through the glass filter. B was then removed by 
sealing at D. Benzene anhydrous was then distilled into A by attaching the 
apparatus to vacuum line through the extra joint and breaking the break-seal E. 
Then the apparatus was removed by sealing at F and ampulized into G. The 
concentration was calibrated using the aforementioned method for sec-BuLi.  
1.5.2 Polymerization Reactions 
Polymerization reactors are constructed differently for polar and nonpolar 
solvent system. Figure 1.20 (a)127 shows the apparatus for polymerization in 
nonpolar solvent, usually benzene or hexane for isoprene and butadiene, benzene 
for styrene. n-BuLi in hexane is injected to the purging recovery flask, and the 
apparatus is sealed at (A) by heating. Solvent, take benzene for example, will be 
slowly distilled into polymerization reactor using ice water at the reactor and warm 
water (50 ºC), The volume is chosen to dilute the polymer to 5~10%， depending 
by molecular weight. Next the reactor apparatus will be heat sealed at (B). The 
inner glass wall will be rinsed with alkyl metal solution, followed by recovering the 
solvent to reactor and removal of purging section by heating seal at (C). Ampules 
of initiator and monomers will be broken with glass breakers. The reaction will 
proceed until all monomers are consumed. If the living polymer is needed for  
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Figure 1.20 (a) Simple polymerization reactor with purging section for 
polymerization in nonpolar solvent127 and (b) polar solvent.131 
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(B)
(C)
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polymerization of another monomer to make block copolymer, a calibrated 
reservoir (D) will be attached to the reactor to collect living polymers. When it is 
just a linear homopolymers, another methanol ampule will be added next to 
monomer and sec-BuLi ampules, and will be introduced in the end to quench the 
polymerization. 
A tubular apparatus (Figure 1.20 (b)) can be used for polymerization in polar 
slvent. The reactor will be washed with Na/naphthalene. Polymerization in polar 
solvent, is usually much faster than that in non-polar solvent, require low 
temperature. Take the polymerization of 2-vinyl pyridine (2VP) in THF for example, 
the monomer solution ampule and initiator solution are required to be kept under -
78 ºC before introduced to the reactor. The polymerization will be conducted at this 
temperature for about 30 min and quenched by rupturing the methanol ampule. 
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CHAPTER 2 SYNTHESIS OF POLYBENZOFULVENE 
MACROMONOMERS BY LIVING ANIONIC POLYMERIZATION 
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 Abstract  
We report on synthesis of polybenzofulvene (PBF) macromonomer with 
styrenic end functionality and tunable glass transition temperature (Tg) by living 
anionic polymerization for potential use in the synthesis of nonlinear thermoplastic 
elastomers (TPEs) with elevated upper service temperature. Experimentally, living 
PBF was either (a) reacted with a linking reagent bearing functional groups, 
including ethylene oxide (EO), 4-(chlorodimethylsilyl) styrene (CDMSS), and 4-
vinylbenzyl chloride (VBC), or (b) initiated with a protected initiator 1-(tert-
butyldimethylsiloxy)-3-butyllithium (TBDMPSLi). The reaction efficiency and 
product functionality were investigated by NMR and MALDI-TOF MS, and the 
molecular weight and distribution was analyzed by SEC with two-angle light 
scattering. The reaction with EO and CDMSS in benzene were either not possible 
or not efficient. However, PBF with 100% functionality was prepared successfully 
by end capping living PBF with VBC in tetrahydrofuran (THF) at -78 ºC. This 
approach is a batch method (one pot) with high efficiency. Another successful 
approach involved initiation of benzofulvene by protected initiator in benzene at 
room temperature, followed by post-polymerization functionalization. The 
polymerization in benzene allows tailoring of the Tg of the resulting PBF by use of 
polar additives.  
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2.1 Introduction 
Styrenic thermoplastic elastomers (S-TPEs) are styrenic block copolymers 
(SBCs) based on styrene and dienes. They have been dominant in the global TPE 
market in recent decades, with ABA typed linear triblock copolymers SIS and SBS 
being the most widely used S-TPEs, where S represents polystyrene, I and B 
stands for polyisoprene and polybutadiene, respectively. These materials have 
been widely applied in coating, adhesives, automobile parts, and biomedical 
tubing.132  
Developing TPEs with complex architectures is highly intriguing in TPE 
research, because they can endow TPEs with enhanced elastic recovery. In 
comparison to linear S-TPEs, properly designed multigraft copolymers S-TPEs 
show superior elastic recovery and competitive strength because of multiple 
physical crosslinks on each soft backbone.18, 24-27 Mays’ group developed well-
defined, regularly spaced multigraft copolymers polyisoprene-g-polystyrene (PI-g-
PS) with strain residue as low as 14% at 1400% strain, in contrast, the linear 
counterpart SIS with similar PS content has 50% unrecoverable strain at 500% 
strain.26  
Macromonomers (polymers with polymerizable terminal group) have been 
used widely and successfully in constructing numerous branched (co)polymers 
with complex architectures.30, 133 It is a versatile method because the terminal end 
functional group of macromonomers can be (co)polymerized with different 
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monomers by various mechanisms (free/controlled radical, anionic, ring opening, 
etc.).31, 77, 95, 134 Mays and Zhang’s group reported synthesis of multigraft TPEs by 
water-based, high yield emulsion polymerization using macromonomers, 
indicating the possibility to produce multigraft TPEs at a low cost and on an 
industrial scale.31, 134 
Living anionic polymerization is the best way to prepare well-defined 
macromonomers of controlled molecular weight, narrow molecular weight 
distribution, high yield and quantitative end functionality. Due to these advantages, 
a large number of studies have been conducted on preparation of macromonomers 
by anionic polymerization. Three general synthetic methods have been used: (a) 
reaction of living polymer with an end-capper possessing polymerizable 
functionality; or (b) initiation with an initiator containing a polymerizable group; or 
(c) post-polymerization modification of quenched polymer bearing another 
functionality (for example, hydroxyl group or amine group) into a polymerizable 
group. Common end functionality for a macromonomer includes (meth)acryloyl, 
styryl, butadienyl and norbornenyl groups. Detailed synthetic routes are described 
in reviews.30, 135  
Despite of all the advantages of S-TPE, high temperature (ca. 100 ℃ or 
higher) applications of S-TPEs are still largely limited by the glass transition 
temperature (Tg = 100 ºC) of polystyrene segments, above which PS glassy 
domains in microphase separation are sharply softened. Consequently, increasing 
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the upper service temperature (UST) of S-TPEs has become one of the major 
topics of research in this field, both academically and industrially.8-10, 14 
Polybenzofulvene (PBF) has been recognized as a high Tg (153 ºC when prepared 
in hydrocarbon solvents) building block for TPEs.14 Wang and co-workers replaced 
PS blocks with PBF blocks and prepared PBF-b-PI-b-PBF linear triblock TPEs by 
living anionic polymerization in benzene at room temperature. Another advantage 
of incorporating PBF, a polydiene, as the hard block is that its Tg is tunable by 
tailoring the 1,2-/1,4-addition percentages by applying polar additives, including 
sec-butoxide lithium (Tg=142 ºC), and 1,2-dimethoxyethane (Tg =198 ºC), in the 
polymerization of benzofulvene using alkyl lithium initators.14  
Nevertheless, to our best knowledge, no one has reported research about 
PBF macromonomer preparation for use in creating graft copolymer TPEs. In this 
study, we reported synthetic strategies using anionic polymerization for creation of 
PBF macromonomers that can be used for high temperature multigraft copolymer 
TPEs and other complex nonlinear copolymer TPEs. Four approaches using end 
cappers and protected initiator in benzene or THF were investigated. The 
efficiency of the various approaches was evaluated by size exclusion 
chromatography (SEC), matrix-assisted laser desorption/Ionization time-of-flight 
mass spectroscopy (MALDI-TOF MS) and proton nuclear magnetic resonance 
(NMR) spectroscopy. The pros and cons of each method are also discussed in 
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terms of the strategy and potential to tailor the glass transition temperature of the 
resulting PBF macromonomer. 
2.2 Experiments 
2.2.1 Materials 
4-(Chlorodimethylsilyl)styrene (CDMSS) was prepared by the Grignard 
reaction using magnesium and p-chlorostyrene and trichloromethylsilane in THF, 
following Kawakami’s method.136 Sec-butyllithium (sec-BuLi) was prepared by 
reaction between 2-chlorobutane and lithium under high vacuum following the 
previously reported method.129 The protected initiator 1-(tert-butyldimethylsiloxy)-
1-propyllithium (TBDMPSLi) was prepared by a halogen-lithium exchange reaction 
in cyclohexane using  previously reported methods.137 The above mentioned 
chemicals along with THF, benzene, hexane, ethylene oxide (EO), methyl 
methacrylate (MMA), lithium chloride (LiCl), and 4-vinylbenzoic acid, which were 
used in anionic polymerization, were purified using typical high-vacuum 
techniques. 127, 129 Paraformaldehyde (Fisher, 96%) was dried on a high vacuum 
line overnight before its use in preparation of BF monomer. Indene (TCI, 95%) was 
stirred over CaH2 and distilled under vacuum before each reaction. 2-Chlorobutane 
(Fisher, >99%), n-butyllithium (n-BuLi, Fisher, 1.6M in hexane) and potassium tert-
butoxide (TCI, 1 M in THF) were used as received.  
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2.2.2 Synthesis of Benzofulvene Monomer 
Benzofulvene monomer was synthesized according to Kosaka’s method.138 
(Scheme 2.1) First the precursor 3-hydroxymethylindene (1HMI) was prepared by 
the following synthetic steps. Indene (18.75g, 0.159mol) was dissolved in THF 
anhydrous (400 ml) in a round-bottom-flask and bubbled with nitrogen before 
reaction. n-BuLi solution in hexane (0.160 mol, 1.6 M, 100 ml) was then added into 
indene solution in THF drop-wise at 0 ºC and reacted for three minutes at the same 
temperature. Paraformaldehyde (5.14 g, 0.176 mol) was introduced into flask 
under nitrogen atmosphere. The reaction was conducted for three minutes at 0 ºC 
and another five minutes at room temperature, followed by quenching the reaction 
using saturated NaHCO3 aqueous solution. The resulting mixture was extracted 
with diethyl ether three times, and the organic layer was washed with deionized 
water, then dried over MgSO4 for 5 h. After condensing the organic layer, a column 
chromatography using silica gel and hexane/ethyl acetate as eluent was 
conducted to remove unreacted indene and the byproduct 3-hydroxymethylindene 
(3HMI). The resulting product 1-hydroxymethylindene (1HMI) with about 10% 
3HMI was afforded as a brownish oily liquid (yield % = 50% yield). 
Benzofulvene monomer was prepared by dehydration of 1HMI. The 
precursor 1HMI (13.17g, 0.0889 mmol) was dissolved in dry methanol (100ml) in 
a two-neck round-bottom flask equipped with a dropping funnel and a condenser. 
A solution of tert-BuOK (0.100 mmol, 1 M in hexane, 100 ml) in dry methanol (100 
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ml) was added into the flask at 0 ºC drop by drop. The mixture was stirred for 30 
min at 40 ºC, and quenched by adding ice into the flask. Then extraction with 
hexane was conducted three times and the organic layer was washed with 
deionized water two times. The top organic layer was dried over MgSO4. After 
removing the salt by filtration and condensing the solution, the final product was 
obtained by running a column chromatography using hexane as eluent. 
Benzofulvene (36% yield) was collected as a yellow solid by removal of solvent 
under vacuum.  
 
 
Scheme 2.1 Synthesis of benzofulvene monomer. 
 
The monomer was then quickly diluted with benzene or THF anhydrous (0.3 
M ~ 0.5 M) and stirred over CaH2 for four hours. Then the solvent and monomers 
was distilled into an apparatus with break seals. The ampulized monomer solution 
was stored at -25 ºC until use.  
2.2.3 Synthesis of PBF Macromonomer 
All the polymerization was carried out using standard high vacuum 
techniques in fully sealed, pre-rinsed, all glass apparatus attached with chemical 
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ampules having break seals.127, 129 Four different approaches were explored 
towards preparation of PBF macromonomer. The procedures are demonstrated in 
Scheme 2.2 to Scheme 2.5. The polymer was worked up by precipitation in a large 
excess of methanol (MeOH) and dried at room temperature under vacuum unless 
described otherwise. The detailed procedures are as following:  
End Capping with Ethylene Oxide (EO) 
Benzofulvene solution in benzene was added into a sec-BuLi in hexane 
solution.14, 138, 139 The polymerization was conducted at room temperature for 1 h. 
The living polymer exhibited an orange color in benzene. An aliquot was taken and 
quenched with MeOH for characterization purposes. The remainder of the living 
PBF in benzene was mixed with a two-fold excess of ethylene oxide and stirred at 
40 ºC for six hours. (Scheme 2.2). 
 
 
Scheme 2.2  The synthesis of PBF with hydroxyl end group by end capping with 
ethylene oxide. An aliquot was taken before addition of EO. 
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End Capping with 4-(Chlorodimethylsilyl) Styrene(CDMSS) 
Since the more stable carbanion from PBF cannot initiate styrene to form 
more reactive carbanion polystyryllithium,138  living PBF will react exclusively at the 
silyl chloride moiety, as shown in Scheme 2.3. Two methods were applied to 
terminate the living PBF. In method A, BF monomer was initiated by sec-BuLi in 
benzene and polymerized at room temperature for one hour. CDMSS in hexane 
was then added to the living PBF in a 1:1 molar ratio. The mixture was stirred for 
24 h. In method B, living PBF in benzene with an orange color was titrated drop by 
drop into the reactor with CDMSS solution in hexane over a five-hour period, and 
was allowed to react for another four hours before the reaction was stopped.140  
 
 
Scheme 2.3 PBF macromonomer synthesized by end capping with CDMSS. The 
more stable carbanion from PBF cannot initiate styrene to form the more reactive 
polystyryl carbanion, while it should attach exclusively at the silyl chloride moiety. 
 
End Capping with 4-vinylbenzyl Chloride (VBC)  
Benzofulvene was initiated by sec-BuLi in THF at -78 ºC and the 
polymerization was conducted for 1 h,138 followed by termination with VBC in THF 
H2
C
H2
C Si
H
H
H
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at -78 ºC. The characteristic orange color of living PBF in THF mostly faded away 
upon addition of VBC. (Scheme 2.4) The mixture was kept at -78 ºC for 6 h and 
warmed up to -40 ºC using an acetonitrile/dry ice bath for another 20 h to ensure 
completion of the reaction. Excess VBC was removed by precipitating the products 
in methanol three times. 
 
 
Scheme 2.4 PBF macromonomer synthesis by end capping with 4-vinylbenzyl 
chloride. 
 
Initiation with Protected Initiator 1-(Tert-butyldimethylsiloxy)-1-propyllithium 
(TBDMPSLi) 
In this approach, PBF with a terminal hydroxyl group (PBF-OH) was first 
synthesized (Scheme 2.5). The polymerization was performed at room 
temperature in benzene. A typical procedure includes initiation of BF by protected 
silyl lithium initiator, followed by addition of degassed methanol after 1 h. The 
polymer was recovered by precipitation in large excess amount of methanol and 
dried under vacuum overnight. The resulting white polymer powder was dissolved 
sec-BuLi
THF/-78ºC
H2C
Cl
-78 ºC
H2
C
Sec
Benzofulvene (BF) Living Poly(BF) PBF MM
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in THF and added with 1 M HCl (2.2 fold to end groups).141 The mixture was stirred 
overnight at room temperature. Then it was poured into saturated NaHCO3 solution 
and extracted with CHCl3. The combined organic layer was concentrated under 
vacuum using a rotary evaporator and then precipitated in a large excess of 
methanol two times. PBF-OH was then dried under vacuum.  
 
 
Scheme 2.5 PBF macromonomer synthesis by initiation using the protected 
initiator TBDMPSLi and post-polymerization functionalization. 
 
Macromonomer with styrene functional group was prepared through a 
Steglich esterification reaction with VBA catalyzed by DCC and DMAP. PBF-OH 
was mixed with DMAP and VBA in THF to a concentration of 20 mg/ml, then DCC 
stock solution in THF (90 mg/ml) was added to the mixture in ice/water bath 
dropwise and stirred overnight at room temperature. The stoichiometric ratio of 
PBF-OH, VBA, DCC, DMAP was 1:4:4:4. The resulting polymer was purified by 
H2
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precipitation in large amount of methanol three times and dried under vacuum at 
room temperature overnight.  
2.2.4 Characterization 
The molecular weights and distribution were characterized by a multi-
detector SEC, GPC-120 by Polymer Laboratories at 40 ºC in THF at 1mL/min flow 
rate. The SEC instrument was equipped with multi-detectors including a differential 
viscometer (Viscotek 220), a reflective index detector (Polymer Laboratories), and 
two-angle static LS (Precision Detector PD2040). The column set includes the 
Polymer Laboratories PLgel; 7.5 Å~ 300 mm;10 μm; 500, 1 Å~ 104, 1 Å~ 106, and 
1 Å~ 107 Å. The dn/dc for PBF synthesized in benzene at room temperature was 
measured to be 0.226 ml/g, and 0.2355 ml/g for PBF synthesized in THF at -78 ºC.  
Quaternization of polymer end-functional group was measured by matrix-
assisted laser desorption/ionization time-of-flight mass spectroscopy (MALDI-TOF 
MS). A Bruker Autoflex II model smart beam instrument with a nitrogen laser 
(337nm) was used. The polymer was dissolved in THF and mixed with dithranol 
matrix and additive silver trifluoroacetate (AgTFA). 
A Varian Mercury 500 instrument was used for NMR experiments to obtain 
molecular structural information.  
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2.3 Results and Discussion 
Benzofulvene is diene monomer that is highly polymerizable by an anionic 
mechanism in a controlled manner in both benzene and THF, and initiated 
successfully by sec-BuLi.14, 138 Therefore, this initiator was applied in the end-
capping approaches. The success of linking of a living polymer with a functional 
reagent bearing a nucleophilic site is largely determined by the reactivity of the 
polymer carbanion and the functional reagent. Synthesizing macromonomers by 
post-polymerization requires an efficient functionalization reaction with the 
neutralized polymer or directly with the living anion. In the following, the four 
approaches are discussed and evaluated in terms of their efficiency in producing 
PBF macromonomers. 
2.3.1 By End Capping with Ethylene Oxide (EO) 
When ethylene oxide was used as linking reagent, an aliquot of living PBF 
was taken from the reactor and quenched with methanol, resulting in PBF with a 
hydrogen end group (PBF-H), while ethylene oxide terminated PBF, after 
protonation, has a hydroxyl group (PBF-OH). Figure 2.1 shows the MALDI-TOF 
MS before and after terminating with EO. The results reveal that PBF-H and PBF-
OH have same mass spectra, thus EO did not react with living PBF. Previously 
PS-b-PI-Li living polymer prepared in non-polar solvent cyclohexane was reported 
to be successfully end-capped with EO.142 In the contrast, living PBF lithium failed  
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Figure 2.1 MALDI-TOF MS of PBF (a) before and (b) after termination with 
ethylene oxide. 
  
PBF-H PBF-OH(a) (b)
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to react with EO in our study. This can be explained by a more stable (thus less 
reactive) indenyl anion formed from BF with more enhanced electron delocalization 
(10-electron resonance structure) than that formed from isoprene. Failure of 
crossover reactions of living PBF and isoprene also indicates that BF is more 
anionic polymerizable than isoprene,14, 138 therefore the corresponding anion is 
more stable than that of PI.  On the other hand, a tighter ion pair in nonpolar solvent 
could reduce the nucleophilicity of PBF carbanion, compared to that in polar 
solvent. Hydrocarbon solvents are desirable because the glass transition 
temperature can be tuned under such conditions, and polymerization can be 
conducted at mild temperature, which is industrially favorable.  
2.3.2 By End Capping with 4-(Chlorodimethylsilyl) Styrene (CDMSS) 
Polystyrene, polyisoprene and polybutadiene macromonomers were 
prepared successfully by direct reaction between living polymer and CDMSS in 
hydrocarbon solvent at room temperature.94, 143 The key factor is the much faster 
reaction of living polymer with the chlorosilyl group (Si-Cl)  than with the vinyl group 
on CDMSS. Usually, excess CDMSS is required to avoid coupling of living 
polymers to the vinyl groups. Another approach, reported by Hadjichristidis et al., 
is to titrate the living PS, PI and PBD into CDMSS to ensure the local excess of 
the linking reagent, by which graft copolymers with complex architectures were 
synthesized by in situ copolymerization of macromonomers with other monomers 
or by themselves.92, 94, 143, 144 The characteristic color of the living polymers 
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disappears once they react with Si-Cl groups, and the titration end points can be 
visualized by presence of the light color of living polymer in the flask and by 
monitoring with SEC. Among the three polymers, the coupling reactions of living 
PI and PBD with Si-Cl group are the most selective, and less selectivity for PS.144  
The anionic reactivity of BF is similar to methyl methacrylate and higher than 
styrene and isoprene.138 Consequently, in the case of PBF, the indenyl anions are 
not able to initiate the styryl groups from CDMSS (Scheme 2.3). However, the 
linking reaction of PBF carbanion with Si-Cl was rather sluggish by both 
approaches. In the first method, living PBF (Mn = 11.0 kg/mol and a PDI of 1.01, 
shown in Figure 2.2) were directly mixed with CDMSS in benzene. The pale-yellow 
color of living PBF remained after 24 h, implying incomplete reaction. The 
conversion of the linking reaction was 40%, obtained by integrating methyl protons 
from sec-Bu group at 0.86 ppm and methyl protons from CDMSS at 0.08 ppm (the 
peaks of protons from CDMSS overlapped with that from PBF, thus they are not 
used for integration), as shown in Figure 2.3. A low reaction rate was also observed 
in the titration method: the color of living polymer faded very slowly even in the 
beginning when the CDMSS concentration was highest in the whole process, and 
the color remains in the 4h before the reaction was stopped. In contrast, living PI 
and PB react rather rapidly with Si-Cl groups and completely within 2 h. This can 
be explained by the lower nucleophilicity of the PBF carbanion due to its more 
stable resonance structure and much bulkier carbanion reaction site. 
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Figure 2.2 SEC trace of PBF products produced using CDMSS as the linking 
reagent. 
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Figure 2.3 1H-NMR of products by end capping living PBF with CDMSS. 
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2.3.3 By End Capping with 4-Vinylbenzyl Chloride (VBC) 
Unlike CDMSS, the reaction involving VBC or other halogen functionalized 
monomers requires the presence of polar solvent such as THF and low reaction 
temperature to decrease the incidence of halogen-metal exchange and the 
resulting dimerization.145 On the other hand, the living polymer carbanion’s 
reaction with chlorobenzyl group needs to be efficient to avoid attack on the vinyl 
group on VBC. Living PS was reported to react efficiently with chlorobenzyl group 
on VBC without side reactions.146, 147  In this work, no side reaction was observed 
as evidenced by the narrow monomodal distribution seen in SEC（Figure 2.4, Mn= 
7.9 kg/mol, PDI=1.06). Moreover, the MALDI-TOF MS results show that living PBF 
anions were completely end-capped with VBC, as proved the single distribution in 
the spectrum (Figure 2.5 (a)). The molecular weight of ionized polymer Mw = n × 
MBF + MAg+ + Msec-Bu, where n represents the repeat unit, MBF, MAg+, and Msec-Bu 
represents the molecular weight of BF, Ag+, and sec-butyl group. When Mw = 6.0 
kg/mol, n equals 45. In comparison to the situation where CDMSS was used as 
terminator, PBF macromonomer was achieved using VBC. This can be explained 
by the fact that a looser and more reactive ion pair is formed in polar solvents than 
in non-polar hydrocarbon solvents, facilitating the nucleophilic attack by the steric 
hindered living PBF chain end.  
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Figure 2.4 RI signal of SEC results for PBF macromonmers end-capped with VBC. 
  
  
96 
 
Figure 2.5 The full (a) and enlarged mass spectrum (b) of PBF macromonomer by 
end capping reaction with VBC.  
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2.3.4 By Initiation with Protected Initiator 1-(Tert-butyldimethylsiloxy)-1-
proyllithium (TBDMPSLi) 
Protected initiator (TBDMPSLi) with its lithium counter ion can polymerize 
BF in a controlled manner. A silyl group protected PBF (PBF-TBDMPS) sample 
having Mn = 3.8 kg/mol and PDI = 1.18 was successfully prepared. The end 
functionality was confirmed by MALDI-TOF MS. In the mass spectrum shown in 
Figure 2.6 (a), the arrow pointed monoisotopic peak of 2093.26 m/z corresponds 
to PBF-silyl with 14 repeat units (n=14). The complete hydrolysis of the silyl group 
in the PBF-TBDMPS sample by exposure to HCl was confirmed by 1H-NMR. As 
shown in Figure 2.7, the peaks at 0.03 ppm and 0.90 ppm that corresponding to 
protons in -Si(CH3)2 and -SiC(CH3)3 in PBF-TBDMPS (Figure 2.7 (a)), respectively, 
disappeared in the spectrum of the deprotected product PBF-OH (Figure 2.7 (b)).  
In addition, Figure 2.6 (b) shows the monoisotopic peak of 1963.26 m/z that 
corresponds to the deprotection product PBF-OH of 14-mer from the 
aforementioned PBF-TBDMPS. The final PBF macromonomer was prepared by 
employing the Steglich Esterification reaction. The end functional group 
conversion was quantitative as confirmed by MALDI-TOF MS. The peak of 
2079.01 m/z corresponds to the PBF MM with styryl terminal group when n=14 
(Figure 2.6 (c)). The overall mass spectrum of three products, as well as enlarged 
image are shown in Figure 2.8 (a) and (b). 
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Figure 2.6 MALDI-TOF MS of PBF-TBDMPS (a), PBF-OH from deprotection 
reaction (b), and PBF MM (c). 
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Figure 2.7 The complete hydrolysis of silyl group in the PBF-TBDMPS sample (a) 
was confirmed by 1H-NMR, as indicated by disappearance of peaks at 0.03 ppm 
and 0.90 ppm corresponding to protons in -Si(CH3)2 and -SiC(CH3)3, respectively, 
in the PBF-OH spectrum (b).  
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Figure 2.8 The overall (a) and zoomed-in (b) mass spectrum of PBF-TBDMPS, 
PBF-OH and PBF MM. 
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In conclusion, using silyl protected initiator is one effective approach to 
synthesize PBF macromonomer precursor in benzene. This approach has the 
advantage of enabling tailorable glass transition temperature of PBF by changing 
the 1,2-/1,4-adiition percentage by addition of various polar additives. Terminating 
living PBF with 4-vinylbenzyl chloride in THF at -78 ºC is another approach to 
prepare PBF MM. The Tg cannot be tuned in THF but MM can be synthesized in 
one batch.  
Copolymerization of isoprene with PBF macromonomer (PBF MM) 
prepared by terminating with VBC was attempted by anionic polymerization at 
room temperature in benzene using sec-BuLi as initiator. The macromonomer was 
purified cautiously by titrating n-butyllithium/1,1-diphenylethylene solution in 
hexane by high vacuum techniques.127 PBF MM prepared using protected initiator 
was copolymerized with n-butyl acrylate (n-BA) in benzene by reversible addition-
fragmentation chain transfer mechanism using 2-(dodecyl thiocarbonothioylthio)-
2-methiopropionic acid as initiator at 75 ºC. Unfortunately, both copolymerization 
reactions were very slow (<10% conversion after 7 days) and not controllable 
(multiple model and broad distribution). Nevertheless, these reaction conditions 
were able to afford randomly graft copolymer polybutadiene-g-polystyrene74 and 
poly(n-butyl acrylate)-g-poly (methyl methacrylate)28, respectively, using 
macromonomer with a styrenic terminal group. We believe that the steric hindrance 
of PBF MM with styrene end functionality is more profound than that in 
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corresponding PS and PMMA macromonomer, thus impeding its incorporation into 
backbones. Since the PBF carbanion cannot initiate butadiene or isoprene, 
inserting an acrylate group as the polymerizable end group, such as 
functionalization with acryloryl chloride, should release the hindrance and thus 
allow the efficient synthesis of random graft copolymers bearing PBF side chains.  
2.4 Conclusion 
In summary, four approaches were explored to synthesize 
polybenzofulvene macromonomers.  Ethylene oxide could not react with the living 
PBF lithium, and the reaction of CDMSS in benzene with living PBF was sluggish 
with only 40% functionalization after 24 h.  In contrast, termination reaction of living 
PBF with VBC in THF at -78 ºC was accomplished in 100% conversion without 
side reactions such as lithium-halogen exchange and dimerization by coupling. 
PBF macromonomer was also synthesized by polymerizing BF with a silyl 
protected lithium-based initiator followed by post-polymerization modification. This 
latter method was carried out in hydrocarbon nonpolar solvent, which allows 
tailoring of the glass transition temperature of the resulting PBF using polar 
additives.  
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CHAPTER 3 EFFECTS OF MICROSTRUCTURE ON CHAIN 
FLEXIBILITY AND GLASS TRANSITION TEMPERATURE OF 
POLYBUTADIENE DERIVATIVE: POLYBENZOFULVENE 
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Abstract 
Polybenzofulvene (PBF) is a polydiene with a high glass transition 
temperature (Tg), which was found to increase with an increase of 1,2-
microstructure in the PBF chains. The Tg of polydienes were reported to related to 
chain flexibility. However, no studies have been reported on the correlation of chain 
flexibility (defined by characteristic ratio, C∞) to the microstructure of PBF. Herein, 
we present a study of solution properties of PBF, specifically its chain flexibility and 
dependence on microstructure by combined measurement of intrinsic viscosity 
and weight-average molecular weight using multi-detector size exclusion 
chromatography (SEC) in THF at 40 °C. Linear PBFs with very narrow 
polydispersity were prepared by living anionic polymerization. We varied the 1,2-
microstructure from 23% to 99% by tuning solvents, polar additives and 
polymerization temperature. The Burchard-Stockmayer-Fixman (B-S-F) model 
was used to estimate unperturbed dimensions of the polymer chains, 
corresponding to their conformations at the Flory theta state. We have found that 
PBF is the least flexible polydiene that has been studied to date, having a 
characteristic ratio of 7.6 at low 1,2-addition percentage (23%), and increasing up 
to 12.2 with 99% 1,2-units. Additionally, the reduced chain flexibility, suggested by 
increasing characteristic ratio, correlates very well with the increasing glass 
transition temperature measured by differential scanning calorimetry.  
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3.1 Introduction 
Bulk polymer properties, such as mechanical properties, thermal properties, 
phase behaviors and processing behaviors, are strongly impacted by the 
conformations the particular chain can adopt. Therefore, understanding the 
correlation between polymer chain flexibility and molecular structure is of great 
importance for tailoring polymer bulk properties for practical applications. Flory’s 
characteristic ratio (C∞ ), the most commonly used parameter to evaluate the 
degree of chain flexibility of the polymer with flexible chains. It is defined as 
below:148, 149 
C∞ = lim@→B< 𝑟6 > 0𝑛𝑙6  
where < 𝑟6 > 0 is the unperturbed mean square end-to-end distance of the 
polymer chain, n is number bonds in the backbone of average bond length 𝑙. C∞), 
= 1 for a freely jointed chain. Fixed bond angles and hindrances to backbone 
rotation in real chains increase C∞. 
Properties of polydienes are greatly affected by their microstructure. Flory, 
Mark, Abe, Mays et al. have studied the effect of the microstructure on chain 
flexibility of a variety of linear polydienes both theoretically and experimentally.150-
158 Theoretically, rotational isomeric state (RIS) models were used to predict the 
characteristic ratio, which defines chain flexibility.156, 158, 159 Experimentally, near 
monodisperse linear polydienes were synthesized by living anionic polymerization 
and intrinsic viscosities at theta or non-theta conditions were measured to obtain 
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the characteristic ratios of the model polydienes, as well as polyolefin products 
obtained from hydrogenation. They found that polybutadiene (PBD) with high 1,4-
microstructure (93%) has a C∞  of 5.1,151 while PBD with very high 1,2-
microstructure-(99%) has a	C∞ of 7.0.152 They also found that substituents in some 
cases play an important role in terms of chain flexibility.160-162 For example, addition 
of two methyl groups onto PBD, resulting in poly(2,3-dimehtylbutadiene) (PDMBD) 
with the experimental value of a	C∞ 8.4 when there are 55% 1,4 units and 45% 1,2-
units.155 This was the highest C∞ that has been reported for linear polydienes 
before the present study. 
Polybenzofulvene (PBF) is a derivative of polybutadiene made by 
polymerization of the conjugated hydrocarbon monomer benzofulvene. It has been 
recognized as a good candidate for a glassy building block with which to construct 
high temperature thermoplastic elastomers (TPEs) because of its high glass 
transition temperature (Tg> 140 °C) and polymerizability by anionic polymerization, 
which allows for facile synthesis of triblock copolymer archiectures.14 The 
microstructure of polydienes are, in general, tunable by varying initiator, solvents, 
polymerization temperature and polar additives,15 and this is the case with PBF.14, 
139 Accordingly, the Tg of PBF increases from 152°C to 199 °C when 1,2-
microstructure is increased from 24% to 99%. One can readily predict that the 
presence of the bulkier and more crowded 1,2-microstructure should diminish the 
accessible chain conformations of PBF. However, no study on how the 
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microstructure of PBF influences the chain flexibility or correlation between chain 
flexibility and thermal properties for PBF has been reported until now.  
Herein, we report the results of a study on polybenzofulvene chain flexibility, 
the dependence of chain flexibility on microstructure, and the correlation between 
microstructure, chain flexibility, and glass transition temperature. For this study, 
we synthesized linear PBF with narrow polydispersity and varied microstructures 
through use of living anionic polymerization. Investigations of chain flexibility were 
conducted by measuring intrinsic viscosity ([ƞ]) of dilute polymer solutions. A multi-
detector size exclusion chromatograph (SEC) that has a multi-angle laser light 
scattering (MALLS) detector and an online viscometer allows facile online 
measurement of molecular weight (Mw) and [ƞ] at the same time. 
3.2 Experimental Part 
3.2.1 Materials 
n-Butyllithium (n-BuLi) (Fisher, 2.5 M in hexanes), tetrahydrofuran (THF, 
Fisher, Certified), hexane (Fisher, > 99.5%), benzene (Aldrich, ≥ 99.9%), methanol 
(Fisher, ≥ 99.9%), were purified according to high vacuum techniques.129, 130 
Benzofulvene (BF) monomer was synthesized following a method reported 
previously.138 sec-Butyllithium (s-BuLi) was prepared by reaction between 2-
chlorobutane and Li metal under high vacuum.1,2-Dimethoxyethane (DME, Sigma 
Aldrich, > 99.9%) was distilled over CaH2, and potassium dispersion two times, 
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then diluted with dry benzene. CaH2 (ACROS Organics, 93 %), d-chloroform 
(CDCl3, Cambridge Isotope Laboratories, 99.96%) and butylated hydroxytoluene 
(BHT, Sigma Aldrich, > 99%), and methanol (Fisher, Certified) were used as 
received. 
3.2.2 Synthesis of PBF with Different Microstructures 
Well-defined PBF samples were synthesized under high vacuum (10-6 torr) 
by living anionic polymerization according to methods from the literature.14, 138 
(Scheme 3.1) All polymerizations were conducted using high vacuum techniques 
in fully sealed customized glassware equipped with reactant ampules.129, 130 Four 
microstructures were obtained by varying reaction conditions including 
temperature, polar additives (Scheme 3.1) and solvents. In a typical polymerization 
in benzene without any polar additive, the BF (1.56 mmol, 0.200 g,) in benzene 
was added into s-BuLi (0.0211mmol) solution in hexane, and the reaction was 
conducted for 0.5h to 1h before it was quenched by degassed methanol. When the 
polymerization was carried out with DME as polar additive, DME solution in 
benzene (15.4 mmol) was first introduced to n-BuLi (0.0121 mmol) in hexane at 
0 °C to form the initiator system. Then BF in benzene (1.54mmol) was added and 
the mixture was kept at 5 °C before it was quenched. In a typical polymerization in 
THF, BF in THF was initiated by s-BuLi in hexane. The polymerization continued 
at -78 ºC for 1h and was quenched with degassed methanol. All the polymers were 
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isolated by precipitating polymer solutions in a large excess amount of methanol, 
followed by drying under vacuum overnight. 
 
 
Scheme 3.1 Living anionic polymerization of benzofulvene to yield 
polybenzofulvene with 1,2- and 1,4-units.  
 
Scheme 3.2 The polar additive DME used to tune the microstructure of PBF in 
benzene. 
 
3.2.3 Characterizations 
The online measurement of intrinsic viscosity and molecular weights was 
conducted using a GPC-120 SEC in THF at 40 °C with a flow rate of 1 ml/min. To 
cover a broad molecular weight range in one GPC measurement, two or three PBF 
samples having the same microstructures were dissolved together in THF. The 
SEC instrument was equipped with multiple detectors including a differential 
viscometer (Viscotek 220), a refractive index detector (Polymer Laboratories), and 
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a two-angle light scattering detector (Precision Detector PD2040). The column set 
employed was Polymer Laboratories PLgel; 7.5 Å~ 300 mm;10 μm; 500, 1 Å~ 104, 
1 Å~ 106, and 1 Å~ 107 Å. The specific refractive index increment (dn/dc) of PBF 
with different microstructures were measured in tetrahydrofuran (THF) at 40 °C 
using a Wyatt Technology Optlab rEX (690 nm) differential refractometer.  
The microstructure of the polymers was investigated by quantitative carbon 
nuclear magnetic resonance spectroscopy (13C-NMR) in deuterated chloroform 
(CDCl3) using a Varian Mercury 500 instrument. 
Glass transition temperatures (Tg) were measured using a TA Instruments 
Q-2000 differential scanning calorimeter (DSC) with a heating rate of 10 °C/min 
from 20 °C to 220 °C. To remove thermal history, the temperature was held for 5 
min at 220 °C. Tgs of the second heating cycle are reported. 
3.3 Results and Discussion 
3.3.1 GPC Analysis 
Narrow polydispersity (PDI<1.1) PBF was synthesized by living anionic 
polymerization as described in the Experimental Section. The SEC results are 
summarized in Table 3.1. Compared with conventional measurements, the benefit 
of triple-detector SEC is its ability to obtain a wealth of molecular weight and  
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Table 3.1 PBF samples with various microstructure prepared by anionic 
polymerization under various conditions. 
Sample Initiator Solvent Add. TRXN (°C) Mn(kg/mol) PDI dn/dc(mL/g) 
1 s-BuLi Benzene None 25 
9.9 1.04 
0.2260 52.3 1.05 
60.6 1.04 
2 s-BuLi THF None -78 30.6 1.80 0.2355 
6.0 1.10 
3 n-BuLi Benzene DME 25 
13.0 1.02 
0.2334 31.8 1.09 
198.6 1.11 
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intrinsic viscosity data from a single run of a polydisperse specimen. Therefore, we 
mixed two or three PBF samples synthesized using the same conditions in equal 
amounts and dissolved them in THF in order to prepare the SEC samples for each 
PBF microstructure. This allowed the experiments to cover a broad molecular 
weight range during the analysis of the solution properties. For example, Figure 
3.1 shows the single and mixed PBF samples synthesized in the presence of the 
polar additive DME. We mixed two or three PBF samples synthesized under the 
same conditions but having different molecular weights in equal amounts by weight 
and dissolved them in THF to prepare the SEC samples for each microstructure. 
Figure 3.1 (a)-(c) are SEC traces belong to 13.k, 30.8k, 198.6k PBF prepared with 
DME additive Figure 3.1 (d) is the SEC trace of the mixture of the three samples. 
The bimodal nature of the 30.8k sample is due to a coupling reaction due to 
exposure to air during the quenching step. The coupled product is still linear, 
therefore, the broadened distribution in this case actually has a positive effect by 
extending the measurement window.  The molecular weights for each sample were 
calculated by using the dn/dc of corresponding microstructure PBF and are shown 
in Table 3.1. The overall molecular weight and polydispersity index (PDI) after 
mixing is summarized in Table 3.2. 
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Figure 3.1 (a)-(c) are SEC traces corresponding to 13.k, 30.8k, and 198.6k PBF 
prepared with DME additive. (d) are the SEC traces of the mixtures of the three 
samples. 
 
Table 3.2 Overall molecular weights and PDI of mixtures for SEC analysis 
Sample number Mn (kg/mol) PDI 
1 15.32 3.86 
2 29.66 1.85 
3 25.21 3.58 
 
(a) (b)
(c) (d)
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3.3.2 Microstructure Analysis 
Like other polydienes, the microstructure of PBF may be tuned by changing 
solvent, temperature, and additives. Previous studies of the diene polymer PBF 
indicated that only 1,2- and 1,4 additions were present in the structure of PBF 
synthesized by anionic polymerization. The microstructure of the polymers can be 
identified by analysis of the integral ratio of the featured aliphatic peaks between 
28-60 ppm in the 13C-NMR spectrum, as reported by Ishizone et al.138, 139 Four 
possible dimers in polybenzofulvene, regardless of the stereo regularity effect, 
were considered, as previously reported. Their structures are shown Figure 3.2, 
including h-1,2-1,2-t, h-1,2-1,4-t, h-1,4-1,2-t and h-1,4-1,4-t (h and t represent head 
and tail in the structure). The peak at 58 ppm is assigned to the quaternary C from 
1,2-microstructure (marked in red), while the peaks at 46 and 48 ppm are assigned 
to CH carbon from the 1,4-microstructure, marked in blue. The integration of the 
quantitative 13C-NMR indicated about 22-23% of 1,2-addition in PBF prepared in 
benzene without additive (PBF_benzene), and 33% 1,2-microstructure in PBF 
synthesized in THF at -78°C (PBF_THF). For polymers made in the presence of 
DME (PBF_DME), the peaks of CH carbon and CH2 carbon overlap, thus 13C-NMR 
cannot be used to quantify their microstructures. (Figure 3.3) However, the HSQC 
result showed a very weak tertiary peak at (2.37,44.61) from the 1,4-microstructure 
with dominant C from CH2, indicating about 99% of 1,2-microstructure in the 
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Figure 3.2. Dimer models of benzofulvene.  
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Figure 3.3 13C NMR of PBF in CDCl3: (a) PBF_Benzene_52.5k; (b) 
PBF_DME_13.0k. 
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polymer. 13C-NMR spectrum of PBF_benzene with Mn=50.3 kg/mol, and the 
spectrum for PBF_DME with Mn of 13.0 kg/mol are shown in Figure 3.3 (a) and 
(b), respectively. HSQC result of PBF_DME is shown in Figure 3.4. Thus, PBF 
polymers containing 23% to 99% of 1,2-microstrcuture were prepared.  
3.3.3 Effects of Microstructures of PBF on Characteristic Ratio and Glass 
Transition Temperature  
For PBF with 23%, 33%, and 99% 1,2-addition, the relationship between 
molecular weight (Mw) and intrinsic viscosity ([𝜂]) for each fraction, as separated 
by SEC in THF, can be expressed by their Mark-Houwink-Sakurada (MHS) 
equations as shown in Figure 3.5 and given below:  
23% 1,2-addition: [𝜂] = 2.65×10IJMwM.NO 
33% 1,2-addition: [𝜂] = 3.20×10IJMwM.NO 
99% 1,2-addition: [𝜂] = 3.20×10IJMwM.NQ 
   (dL/g in THF at 40 ºC) 
The exponents of these equations reaveal the shape of the polymers and 
the solvent power under the measurement conditions. The exponents of 0.63 and 
0.67 indicate that PBF has a flexible conformation in THF, and that THF is a 
thermodynamically moderate solvent for PBF regardless of the microstructure.  
The unperturbed mean square end-to-end dimension, < 𝑟6 > 0 of linear 
polymer chain can be easily evaluated by measurement of intrinsic viscosity ([𝜂])  
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Figure 3.4 HSQC image of PBF_DME_13.0k. 
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Figure 3.5 Molecular weight (Mw) dependence of intrinsic viscosity ([𝜂]) for PBF 
with 23%, 33% and 99% 1,2-addition in THF at 40 ºC. 
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and weight average molecular weight.151, 153, 157 with Flory-Fox equation163, 164: 	[𝜂]θ = Φ(< 𝑟6 > 0/𝑀w)O 6𝑀wU 6 = 𝐾θ𝑀wU 6 
The experimental value of Flory constant Φ for linear flexible polymer is 2.5×10I6U when [𝜂]θ is in dL/g and (< 𝑟6 > 0 is in cm2. For measurements in non-
theta solvents when chain excluded volume effect is not too great, the Burchard-
Stockmayer-Fixman (BSF) approach165, 166 provides reliable estimates of 𝐾θ: 
Z[w\/] = 𝐾θ	 +	0.51𝐵𝛷𝑀w	U/6	
where B is excluded volume parameter. 𝐾θ  is obtained by simply 
extrapolating the plot of Z[w\/] against 𝑀w	U/6.  
The characteristic ratio can be then be rewritten as: 
C∞ = lim@→B< 𝑟6 > 0𝑛𝑙6 = (𝐾θ𝛷 )6O 𝑀 𝑛′𝑙6  
In the above equation, 𝑀  is the monomer molecular weight, 𝑛′  is the 
average number of main chain bonds per repeat unit. 
Our measurements are based on model polymers synthesized by living 
anionic polymerization where experiments were conducted in a thermodynamically 
moderate solvent, thus it is appropriate to use the BSF equation to determine 𝐾θ. 
The B-S-F plots of the PBF polymers are shown in Figure 3.6. Effect of 
microstructure was considered when calculating the average number of main chain 
bonds, 𝑛′, and the average main chain bond length, 𝑙. The results are summarized  
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Figure 3.6 BSF plots of PBF. (a)-(c) plots for PBF with 23%, 33% and 99% 1,2-
addition, respectively. The molecular weight range selected for fitting is 10 kg/mol 
to 200 kg/mol. 
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in Table 3.3. The bond lengths used are those reported by Abe and Flory.150 The 
results for 𝐾θ and C∞),  of polymer samples with different 1,2-addition percentages 
is shown in Table 3.4. The drop of linear line in BSF plotting at higher molecular 
weights is likely due to side reactions like branching at high molecular weight, 
which is very common in intrinsic viscosity studies, which is also suggested by the 
deviation in the Mark-Houwink plot (Figure 3.6).  Therefore, these areas were 
avoided and lower molecular weight range (10 kg/mol to 160 kg/mol) were selected 
for fitting per microstructure. 
As the bulkier 1,2-microstructure content is increased in PBF chains, the 
characteristic ratio increases from 7.1 to 12.1, indicating a decrease in chain 
flexibility, i.e. greater hindrances to backbone bond rotation. Such an effect is in 
excellent accord with that data for other model polydienes. To better elucidate the 
common structure-property relationships for polydienes, we selected a series of 
polydienes made by anionic polymerizations, including polybutadiene (PBD),151, 152 
polyisoprene (PI),151, 153 poly(ethyl butadiene) (PEBD)155, polymyrcene 
(PMYRC),155 and poly(2,3-dimethyl-1,3-butadiene) (PDMBD)155 shown in Table 
3.5 PBD with 7% 1,2- addition was denoted as PBD_7. The C∞), value increases 
when more 1,2 units are present in PBD, PMYRC, PI, and PBF.  
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Table 3.3. Calculations of PBF average number of main chain bonds and average 
main chain bond length as a function of microstructure. 
1,2-
addition% 
n’ 𝑙 (Å) 
23 3.54 1.4838 
33 3.34 1.4898 
99 2.02 1.5294 
 
 
Table 3.4. Effect of microstructure on characteristic ratio and glass transition 
temperature of PBF samples. 
1,2-addition% 
MW range 
(kg/mol) 
𝐾θ 
(10IJdL/g) R2 C∞ Tg (°C) 
23% 10-200 7.02 0.9552 7.1 153.4 
33% 10-200 9.31 0.9254 8.9 161.5 
99% 10-200 7.45 0.9656 12.1 197.1 
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Table 3.5. Comparison of characteristics ratios of various polydienes 
Polymer 1,2 1,4 3,4 C∞a 
PBD_7 7% 93%  5.1 
PBD_43 43% 57%  6.0 
PBD_99 99% 1%  7.0 
PI_7 7% 93%  5.1 
PI_49 49% 51%  5.3 
3,4-PI 23% 3% 74% 7.9 
PEBD_10 10% 90%  5.4 
PMYRC_10 10% 90%  6.3 
PMYRC_36 36% 64%  7.6 
PDMBD_45 45% 55%  8.4 
PBF_23 23% 77%  7.1 
PBF_33 33% 67%  8.9 
PBF_99 99% 1%  12.1 
a C∞ values of PBD_7, and PI_7 are taken from ref 2.151 C∞ of PBD_99 are 
from ref 3.152 C∞ values for PBD_43, PI_49 and 3,4-PI are taken from ref.153 C∞ for 
PEBD, PMYRC, PDMBD are taken from ref 6.155  
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If we consider PI, PEBD, PMYRC and PBF as PBD with various side groups, 
we may discuss the effect of substituents on the characteristic ratio (chain 
flexibility). Previously, Xu et al.157 and Hattam et al.155 interpreted the relative 
magnitude of C∞ of the polydienes in light of the size of substituents.  By comparing 
PBD_7, PI_7, PEBD_10 and PMYRC_10, which have similar microstructure, we 
can see that methyl and ethyl group make big difference in C∞. PMYRC has larger 
substituents and exhibits larger C∞. PBF with 23% 1,2-unit exhibits larger C∞ than 
any of the polydiene listed in the Table 3.5, regardless their microstructures, except 
for PI with predominantly 3,4-unit containing bulkier isopropenyl side groups. The 
C∞ value of PBF_33, 8.9, is higher than the that of PMYRC_36 (7.6) and PDMBD 
(8.4), which indicates that the indenyl side group provides more steric hindrance 
to backbone bond rotation than the 2-methylpentyl group of PMYRC and the two 
methyl groups on PDMBD. It is likely not only the larger size but also reduced 
flexibility of the indenyl group, which bears two conjugated rings in 1,2-unit and a 
five-membered ring in the backbone in 1,4-unit, that accounts for the reduced 
backbone flexibility of PBF. It should be noted that results for polydienes other than 
PBF were obtained at or near room temperature, lower than the temperature used 
in our SEC experiments. However, the effect of small temperature differences on C∞ should be small. Poly(1,3-cyclohexadiene) (PCHD) is another polydiene with a 
high glass transition temperature, the characteristic ratio is in process. The double 
bond in the 1,4 units of PBF is located in the five-membered ring, so there are only 
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trans conformers present in the material. Therefore, the effect of cis and trans 
percentage is not discussed. 
Previous research has shown that the glass transition temperature (Tg) 
increases as 1,2 content in polybenzofulvene increases, analogue to the case for 
polybutadiene167, 168. In this study, PBF of three different microstructures of high 
molecular weights, where the influence of molecular weight on glass transition 
temperature is small, were chosen for comparison. The samples chosen are PBF 
with 23% 1,2-addition, Mn=60.6 kg/mol and a Tg of 153.4 °C; PBF with 33% 1,2-
addition, Mn=30.6 kg/mol, and Tg= 161.5 °C; PBF with 99% 1,2-addition, Mn=31.8 
kg/mol, and Tg of 197.1 °C. We plot Tg and C∞ versus 1,2-addition% in Figure 3.7(a) 
and Tg against characteristic ratio in Figure 3.7 (b) to observe the effect of 
microstructure on these two measures of chain flexibility. As shown in Figure 3.7 
(a), both the characteristic ratio C∞ and Tg increases as 1,2-addition% increases. 
Additionally, both Tg and C∞ increase monotonically with increasing 1,2 content. 
The good correlation between reduced chain flexibility and enhanced Tg is 
visualized more straightforwardly in Figure 3.7 (b), where the larger C∞  is, the 
higher the Tg of the polymer is. On one hand, 1,2-addition brings about more steric 
hindrance that impedes the polymer chains of forming more conformations, thus 
reducing the chain flexibility of PBF (increased C∞). On the other hand, it is possible 
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Figure 3.7 (a) Correlation of microstructure to glass transition temperature (Tg) and 
characteristic ratio (C∞). (b) Correlation of glass transition temperature (Tg) to 
characteristic ratio (C∞). 
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that PBF polymer chains can pack more closely with more 1,2 microstructure 
present.  
3.4 Conclusion 
The effect of polybenzofulvene (PBF) microstructure on the chain flexibility 
and glass transition temperature were studied using multi-detector SEC and DSC. 
PBF with microstructures varying from 23% to 99% 1,2 units were synthesized by 
living anionic polymerization utilizing alkyl lithium initiators, polar additives and 
polar/nonpolar solvents. THF is a thermodynamically moderate solvent for PBF at 
the measurement temperature, 40 °C. The characteristic ratio of PBF is found to 
be the larger than all polydienes investigated to date, and PBF is thus the least 
flexible polydiene chain studied to date. Differential scanning calorimetry analysis 
showed that the microstructure greatly influences the Tg of PBF. Moreover, we 
found a good correlation between microstructure, chain flexibility (indicated by C∞), 
and glass transition temperature. Both Tg and characteristic ratio increase as the 
presence of bulkier 1,2-units increase in the polymer chain, in agreement with our 
prediction that the 1,2-microstructure will decrease the chain flexibility and thus 
increase Tg. 
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CHAPTER 4 FUNCTIONALIZABLE THERMOPLASTIC 
ELASTOMERS BASED ON POLY(VINYL PYRIDINE) BY LIVING 
ANIONIC POLYMERIZATION 
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Abstract 
Functionalizable thermoplastic elastomers (TPEs) with poly(vinyl pyridine) 
blocks provide a facile and practical way to tailor thermal, mechanical and 
morphological properties of TPEs. In this work, we designed and synthesized 
functionalizable linear ABA triblock TPE, poly(4-vinyl pyridine)-b-polyisoprene-b-
poly(4-vinyl pyridine) (VIV) triblock copolymer. Diblock copolymers polyisoprene-
b-poly(4-vinyl pyridine) (IV) were prepared and studied first. Narrow polydispersity 
with controlled molecular weights was achieved by living anionic polymerization 
(LAP). Small angle x-ray scattering (SAXS) results indicated a hexagonally packed 
cylindrical morphology even for low molecular weight (16.8 kg/mol) IV with 7.9 vol 
% P4VP, implying high immiscibility of PI and P4VP. Living triblock copolymers 
with 10.8 vol % and 16 vol % P4VP and molecular weights near 200 kg/mol were 
prepared by LAP using a difunctional initiator. The thermal studies were carried 
out using DSC and TGA. A cylindrical morphology was observed for both VIV 
copolymers. The tensile properties of the VIV copolymers are comparable to 
commercial Kraton, having excellent strain at break (~1700%) and good ultimate 
strength (up to 9 MPa).  
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4.1 Introduction 
Thermoplastic elastomers (TPEs) are widely applied in our daily life, such 
as in automobile parts, adhesives, coatings, footwear, and biomedical materials.1 
Styrenic thermoplastic elastomers (S-TPEs) which are mostly based on block 
copolymers from styrene and diene are dominant in the TPE global market over 
the last few decades.4 ABA type linear triblock copolymers, such as SIS and SBS, 
are the most common S-TPEs in the market.1 Here S stands for polystyrene, I 
represents polyisoprene, and B represents polybutadiene.  
Although these linear triblock copolymers prepared by anionic 
polymerization in industry exhibit good tensile stress and strain properties, there 
are still limitations that need to be tackled to embrace broader applications and 
market. First, high temperature applications of S-TPEs are restrained by the 
relatively low upper service temperature (UST) that is limited by the glass transition 
temperature (Tg) of PS blocks (Tg~100 ºC). Currently, the two most commonly used 
methods to address this problem are (a) replacing the PS block with a high-Tg 
polymer8, 10, 14, 169 and (b) catalytic hydrogenation of PS blocks at high temperature 
and pressure. In addition, the hysteresis properties of linear S-TPEs are known to 
be deficient as compared to multigraft PI-g-PS TPEs with multiple physical 
crosslinks per soft backbone.18, 26 The ultimate tensile strength of linear S-TPEs is 
constrained by the PS composition; less than about 30% PS by volume is required 
to remain a continuous soft matrix with dispersed spherical/cylindrical glassy 
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domains.6 Shi and coworkers increased the discrete PS content to up to 82 wt% 
by incorporating asymmetric star architecture and blending in homo-PS.22 
However, these methods are relative complicated in that they either require 
changes in design and synthesis from the beginning, or involve high temperature 
reaction in post-polymer functionalization. It would be interesting and meaningful 
to develop a facile approach to tailor various properties of S-TPEs.   
Over the past decades, functionalizable polymers containing polar moieties 
such as oxygen and nitrogen atoms, have played critical roles in tuning block 
copolymer morphology, thermal and mechanical properties, and in forming 
nanocomposites.51, 170-173 Polyvinyl pyridines (PVPs), both poly (2-vinyl pyridine) 
(P2VP) or poly (4-vinyl pyridine) (P4VP) have attracted significant attention as 
polar polymers that bearing functionalizable nitrogen atom in every repeat unit. 
They have been used to tailor (co)polymer properties by forming various polymer-
ligand interactions through noncovalent secondary interactions such as H-
bonding,174, 175 metal coordination interaction,48, 172, 176 or by covalent 
functionalization such as quaternization.173, 177  It is thus intriguing to incorporate 
PVP blocks into linear block copolymer TPEs, paving a facile way to enhance 
thermal properties, tailor mechanical properties and incorporate self-healing 
properties by using reversible bonding in functionalized PVP domains.  However, 
very few reports exist on PVP containing TPEs. Hayashi et al. 61 and Liu et al.58 
synthesized ABA triblock TPEs with P4VP glassy end blocks and soft poly(n-butyl 
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acrylate-co-polyacrylamide) and poly(n-butyl acrylate) as middle block, 
respectively, by controlled radical polymerization (CRP). They both reported 
tunable ultimate strength and stiffness via coordination interactions of P4VP and 
zinc ions. On the hand, the molecular weight of the TPEs are limited by CRP 
methodology, rendering relative low ultimate strain (~200% and ~400%) and 
strength at break (2.6 MPa and 6.6 MPa, respectively). Li et al178 prepared poly(4-
vinyl pyridine)-b-poly(butadiene)-b-poly(4-vinyl pyridine) by anionic 
polymerization, but the mechanical properties, and morphologies are not 
thoroughly studied.  
In this paper we report design, synthesis and characterizations of 
functionalizable linear triblock copolymer polyisoprene-b-poly(4-vinyl pyridine)-b-
polyisoprene (VIV) as an approach to TPEs with readily tunable 
thermal/morphological/mechanical properties, as well as the synthesis and study 
of diblock copolymer polyisoprene-b-poly(4-vinyl pyridine) (IV). We choose 
polyisoprene as the soft block because it has a much lower entanglement 
molecular weight than polyacrylates, therefore the corresponding elastomer 
exhibits better tensile strength and elastic recovery due to higher entanglement 
density. P4VP is chosen over P2VP, because it has higher Tg (150 ℃). Moreover, 
P4VP bears nitrogen atoms with less steric hindrance, thus showing stronger 
interactions with polar ligands than P2VP does. We synthesized high molecular 
weights (near 200 kg/mol) triblock copolymers by living anionic polymerization 
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using a difunctional anionic lithium-based initiator. Diblock copolymers 
polyisoprene-b-poly(4-vinyl pyridine) (IV) with low molecular were  also prepared. 
Their molecular weights and compositions were characterized using SEC and 1H-
NMR and thermal behavior was studied using DSC and TGA. Their microphase 
separation was investigated using SAXS. Stress-strain properties and dynamic 
mechanical properties were also studied. 
4.2 Experimental Part 
4.2.1 Materials 
All the chemicals used in anionic polymerization were purified using high 
vacuum techniques previously reported.129, 130 Isoprene (Fisher, >99%) was 
distilled over CaH2 and then n-butyllithium (n-BuLi, Fisher, 1.6 M in hexane) under 
vacuum. 4-Vinyl pyridine (4VP, Fisher, 96%) was distilled over CaH2 into a flask 
with sodium, then the monomer was distilled into a flask with trioctylaluminum 
(Sigma, 25 wt% in hexane) before it was distilled into pre-calibrated ampules. Next, 
the purified 4VP monomers were quickly diluted with anhydrous THF to 0.3-0.5 M. 
1,1-Diphenylethylene (Sigma, 97%) was stirred over a small amount of n-BuLi, 
which rendered a red color, followed by distillation and dilution in hexane. Sec-
butyllithium (sec-BuLi) was synthesized by reaction between 2-chlorobutane 
(Sigma, >99%) and lithium under high vacuum following the previously reported 
method.129 The difunctional initiator (DiLi) (1,3-phenylene)bis(3-methyl-1-
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phenylpentylidene) dilithium initiator was synthesized according to previously 
reported methods by addition of sec-BuLi into 1,3-bis(1-phenylvinyl)benzene in 
hexane.129 The resulting red solid that is not soluble in hexane was separated from 
solution with sec-BuLi by filtration under vacuum in a sealed glass apparatus, then 
diluted in benzene to appropriate concentration. The concentration of the DiLi was 
calibrated by polymerization of a known mass of styrene in benzene and 
measurement of the molecular weight of the resulting PS. 
4.2.2 Synthesis of Diblock Copolymer of 4-Vinylpyridine and Isoprene 
The synthesis of diblock copolymers of 4-vinylpyridine and isoprene is 
shown in Scheme 4.1. In a typical polymerization, benzene was first distilled into 
the reactor, followed by a purging process using high vacuum techniques.129, 130 
Purging the surface of all glassware is critical when working with difunctional 
initiator to avoid monofunctional initiator formed through reaction with trace 
impurities. Sec-BuLi was then introduced to benzene, followed by addition of 
isoprene monomer. The polymerization was conducted for 24 h at room 
temperature. Next, DPE in hexane was introduced to react with living PI, thus 
producing the DPE carbanion initiating center, which is less reactive than the PI 
anion. The reaction was carried on with stirring for two days, and the color changed 
from the light-yellow color of living PI to dark red. The resulting PI-DPE-Li solution 
was separated into calibrated ampules for further use in copolymerization. An 
aliquot of PI was quenched with degassed methanol for SEC measurements. The 
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copolymerization with 4VP was conducted in THF/benzene (7/3) mixed solvent at 
-78 ºC for 30 min to 1.5 h depending on the molecular weight. Living PI was 
introduced into THF at 0 ºC and mixed thoroughly. Then the reactor was 
transferred into an acetone/dry ice bath and kept at -78 ºC. 4VP diluted in THF 
was added into the system. Upon addition, the solution turned bright yellow in 
color. The polymerization was kept at this temperature and quenched in 1 h with 
degassed methanol. 0.5 wt% of BHT was added into the solution and the diblock 
copolymer P4VP-b-PI was collected by removing the solvent under reduced 
pressure. The conversion of 4VP as measure by 1H-NMR was ~99%. The 
polymers were dried under vacuum overnight before further characterization. 
 
 
Scheme 4.1 Synthesis of PI-b-P4VP diblock copolymers by living anionic 
polymerization. 
 
4.2.3 Synthesis of Triblock Copolymer of 4-Vinylpyridine and Isoprene 
The triblock copolymer poly(4-vinyl pyridine)-b-polyisoprene-b-poly(4-vinyl 
pyridine) (VIV)  was prepared by using difunctional initiator. (Scheme 4.2) 
Difunctional living PI (DiPI) was first prepared using similar methods as for the 
diblock copolymer. Difunctional initiator/sec-BuOLi initiator system was mixed with 
sec-BuLi
Li
DPE
Benzene Benzene Li
1.THF(THF/benzene=3:1)
2.4VP/THF
PI PI-P4VP3.MeOH
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purified benzene at room temperature in the reactor. Then, isoprene was added 
for polymerization and stirred for two days. Upon completion of chain growth, as 
monitored by SEC, DPE in hexane was added into living DiPI. The end capping 
reaction was conducted for three days with stirring at room temperature. Then the 
resulting red DiPI-Li in benzene was separated into pre-calibrated ampules for 
copolymerization. In a typical copolymerization with 4VP, THF (THF to benzene = 
3:1) was distilled into reactor and purged thoroughly. Living DiPI with DPE end 
group in benzene was cooled down carefully to 0 ºC and mixed with THF at the 
same temperature. Next, the mixture was kept at -78 ºC. The copolymerization 
started upon addition of 4VP monomer in THF when the mixture turned from deep 
red to yellow. The reaction was kept at -78 ºC during a two-hour period, then 
quenched with degassed methanol. 4VP conversion was 91% to 97%. BHT (0.5 
wt%) was then added into polymer solution. The triblock copolymers were 
collected by removal of solvents by rotary evaporation, and dried under vacuum 
overnight.  
4.2.4 Sample Preparation 
For tensile test experiment, polymer films were cast from chloroform, which 
is a thermodynamically good solvent for both blocks. In a typical procedure, 1 g 
polymer was dissolved in 30 ml chloroform and stirred until completely dissolved. 
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Scheme 4.2 Synthesis of VIV triblock copolymers by living anionic polymerization. 
 
Then the polymer solution was cast into a 30 ml Teflon dish. The film formed 
slowly with evaporation of chloroform over a five-day period. After removal of 
residual solvent, all the films were annealed at 70 ºC under vacuum (10-1 torr) for 
24h. For tensile tests, dumbbell specimens with a width of 2 mm and thickness of 
0.3~0.5 mm were stretched at 500 mm/min per ASTM D412 standard. For 
morphology study by small angle X-ray (SAXS), the films were annealed at 160 ºC 
under high vacuum (10-5 torr) for three days.  
4.2.5 Characterizations 
The molecular weights and polydispersity were measured using a size 
exclusion chromatography instrument that was equipped with multi-detectors 
including a differential viscometer (Viscotek 220), a reflective index detector 
(Polymer Laboratories), and two angle static LS (Precision Detector PD2040). The 
column set consists of Polymer Laboratories PLgel; 7.5 Å~ 300 mm;10 μm; 500, 1 
Å~ 104, 1 Å~ 106, and 1 Å~ 107 Å. The diblock polymers were measured in 
LiLi
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CH2 CH2
sec-Bu sec-Bu
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H H
N
N
Benzene
N
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THF/TEA (v/v =95/5) at a flow rate of 1 ml/min, and triblock copolymers in THF/TEA 
(v/v =97/3). 
The reaction conversion and copolymer composition were determined by 
proton nuclear magnetic resonance spectroscopy (1H-NMR) in deuterated 
chloroform using a Varian Mercury 500 instrument.   
 Glass transition temperatures (Tgs) were measured by a TA Instruments 
Q-2000 differential scanning calorimeter (DSC) with a heating rate of 10 °C/min 
from -80°C to 170 °C. The Tgs reported were from the second heating circle.  
The thermal stability of the polymers was investigated by thermogravimetric 
analysis (TGA) using a TA instrument TGA Q50. About 10 mg of polymers were 
heated from room temperature to 800 °C in a platinum pan under nitrogen 
atmosphere at 10 °C/min.  
The MTS Insight electromechanical test frame in tension was used for 
tensile properties investigation. The instrument was equipped with 500 N load cell 
and LVDT sensor for stress measurement. The crosshead speed was 500 mm/min 
per ASTM D412.  
The dynamic mechanical analysis (DMA) was conducted with an ARES 
rheometer in torsion mode with testing frequency of 10 rad/s and a strain amplitude 
of 0.2%. The temperature was increased to 200 °C and equilibrated for one minute 
before cooling down at 3 °C/min.  
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Morphologies of the polymer films were characterized using a SAXS 
instrument with a three-pinhole collimated system equipped with copper focused 
X-ray generator (CuKα radiation with λ = 1.542 Å) with operating voltage of 45 kV 
and 0.66 mA beam current. X-ray source is coupled with a confocal Max-FulxTM 
(CMF) optics combined with high performance multilayer mirror producing 
monochromatic focused X-rays. The scattered X-rays are detected by 2D multi-
wire detector with q range of 0.1nm to 5.1 nm. The instrument was calibrated with 
silver behenate. 
4.3 Results and Discussion 
4.3.1 Synthesis of Diblock Copolymer IV and Triblock Copolymer VIV  
Before preparation of triblock copolymer VIV, the synthesis of diblock 
copolymer IV was performed to establish method protocols. The diblock copolymer 
IV was prepared by sequential addition of isoprene and 4VP monomers. Since 
isoprene cannot be initiated by the living poly(4-vinyl pyridine) (P4VP) carbanion 
due to its reduced reactivity brought about by the presence of the nitrogen atom, 
living polyisoprene (PI) was prepared first and was used to initiate 4-vinyl pyridine. 
Living PI was prepared in the nonpolar hydrocarbon solvent benzene at room 
temperature to have predominant 1,4-addition that corresponds to much better 
elasticity than for high 3,4-addition. PI-Li was then end-capped with DPE to reduce 
the reactivity of anion centers. The low temperature (-78 ºC), presence of dominant 
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polar solvent, and lowered reactivity of the anions were employed to avoid side 
reactions, such as branching reactions, during polymerization of 4VP.178, 179  
Three IV diblock copolymers with 7.9 vol%, 15.8 vol%, and 24.7 vol% P4VP 
were prepared, which are labeled as IV_8, IV_16 and IV_25, in which the Mn of PI 
blocks are all 15.2 kg/mol with PDI of 1.07. The diblock polymer molecular 
characteristics are summarized in Table 4.1. Low PDI, single-mode diblock 
copolymers IV with predicted molecular weights were achieved by this method, as 
confirmed by SEC (Figure 4.1) and 1H-NMR (Figure 4.2). The experimental 
molecular weights (calculated from P4VP percentage from 1H-NMR) of the IV 
copolymers are close to the target molecular weight (Mn,cal). In the SEC 
measurement with THF/TEA (95/5, v/v) eluent, the peaks shift to shorter elution 
time as molecular weight increases. Moreover, the shape of the peak for IV_8 with 
lowest volume percentage of P4VP(φP4VP) is narrow and sharp, while tailing is 
observed for IV_16 and become more pronounced as φP4VP increases. This is 
could be explained by the interaction of diblock copolymer with the SEC columns 
due to the large dipole moment of P4VP. φ P4VP was calculated using the 
composition determined by 1H-NMR and the density of P4VP (1.11 g/cm3) and PI 
(0.91 g/cm3). In the spectrum shown in Figure 4.2, the broad peaks at 8.16~8.47 
ppm (a) and 6.20~6.65 ppm (b) correspond to the pyridine protons of P4VP block, 
and the peaks at 4.51~4.84 ppm (c) and 4.87~5.36 ppm (d and e) belong to the 
protons of 3,4- addition and 1,4-addition in PI block, respectively.  
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Table 4.1 Molecular weights and composition of IV diblock copolymers. 
ID 
PI (kg/mol) IV (kg/mol) P4VP (kg/mol) 
Tg 
(ºC) f Mna PDIa Mn,calb Mnc PDId Mnc 
φP4VP 
(%)c 
Con. 
(%) e 
IV_8 15.2 1.07 17.3 16.8 1.07 1.6 7.9 96 -60.4 
IV_16 15.2 1.07 20.0 18.7 1.08 3.5 15.8 94 -61.2 
IV_25 15.2 1.07 22.2 21.3 1.10 6.1 24.7 97 
-61.0, 
128.6 
*a The molecular weight and PDI of PI was measured by SEC in THF with 
refractive index (RI), light scattering (LS), and viscometer detectors. b Mn,cal is the 
targeted molecular weight of the diblock copolymers. c The molecular weight of IV 
and P4VP was calculated from Mn of PI and the chemical composition 
characterized by 1H-NMR. d The polydispersity (PDI) of IV samples were 
determined by SEC with multi detectors in THF/TEA (95/5). e The conversion of 
4VP was calculated from 1H-NMR. f Tg reported in the table are from the second 
heating cycle of DSC measurement at 10 ºC/min. 
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Figure 4.1 SEC traces (RI signal) of IV_8, IV_16 and IV_15. 
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Figure 4.2 1H-NMR spectrum of IV_25. CDCl3 was used as solvent. 
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Similar synthetic protocol was used to prepare VIV triblock copolymers 
VIV_11 (10.8 vol%) and VIV_16 (16.0 vol%). The composition was also confirmed 
by 1H-NMR (Figure 4.3). Difunctional living PI-Li was prepared first and used to 
grow the P4VP blocks. The Mn of middle block PI synthesized by difunctional 
initiator was determined by SEC in THF to be 161.2 kg/mol, and the polydispersity 
is 1.21. (Figure 4.4, (a)) A bimodal peak was seen for DiPI, possibly due to 
presence of impurities that quenched some of the reactive centers of the 
difunctional initiator. Consequently, there are IV diblock copolymer contaminants 
in the resulting VIV triblock. The SEC of VIV triblock copolymers was carried out 
in THF/TEA (93/7, v/v) eluent. The reason to use more TEA here is to reduce the 
absorption of P4VP blocks with the stationary phase. However, it is really a 
balance between reduced solubility of the PI block (not soluble in TEA) and 
decreasing the interaction of P4VP with the stationary phase.  
The solubility of P4VP is limited in THF; homo-P4VP became insoluble 
when the molecular weight reached 9 kg/mol.180 However, solubility can be 
improved when the P4VP is connected to another block well-solubilized in THF at 
low temperature. Krishnan et al. prepared PS-b-P4VP copolymer with 60k PS 
block and 62 kg/mol P4VP block, and PDI < 1.1 in THF at -78 ºC.173 Similar findings 
are also evidenced in this study; for the incorporation of low molecular weight (1.6 
kg/mol ~ 6.1 kg/mol) P4VP blocks in the diblock copolymers, the product remained 
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Figure 4.3 1H-NMR spectrum of VIV_11. 
 
 
 
Figure 4.4 SEC of Di-PI-H in THF (a) and SEC of VIV triblock copolymers in 
THF/TEA (93/7). 
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homogenous in solution. However, when the molecular weight of PI is high, such 
as the 161.2 kg/mol in the VIV triblock copolymers, the viscosity was very high, 
even though the polymer concentration has been reduced to 1% (w/v), and thus 
high conversions for the highest molecular weight VIV was difficult (90%). 
The thermal properties of IV and VIV block copolymers were investigated 
utilizing DSC and TGA. (Figure 4.5 and Figure 4.6) The glass transition 
temperature of the PI blocks are similar in all block copolymers. (Table 4.1 and 
Table 4.2) However, the glass transition of the P4VP block was not readily 
observed due to the low P4VP content, except for the diblock with 25 vol% P4VP 
(IV_25). A broad transition in IV_25 is seen and the corresponding Tg is 128.6 ºC, 
which is consistent with previously reported Tg of 127.0 ºC for a 6 kg/mol P4VP 
block,58 indicating enhanced upper service temperature of VIV TPEs as compared 
to styrenic TPEs. TGA measurement indicated that the 5% degradation 
temperature under nitrogen atmosphere is 340.5 ºC. A representative TGA 
diagram is shown in Figure 4.6. 
4.3.2 Dynamic Mechanical Analysis 
The viscoelastic performance of the triblock copolymer VIV_16 was studied 
by using a uniaxial rheometer in torsion mode. In Figure 4.7, storage modulus (G’), 
and tan 𝛿 were plotted as a function of temperature from -70 ºC to 200 ºC. The 
storage modulus G’ below Tg of PI is measured to be 1.9 GPa, which is similar to 
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Figure 4.5 DSC results of IV and VIV at 10 ºC/min. 
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Figure 4.6 Representative temperature gradient analysis of PI and P4VP block 
copolymers measured at 10 ºC /min under nitrogen atmosphere. (IV_8 is shown) 
  
  
159 
Table 4.2 Molecular weight and composition of VIV triblock copolymers 
ID 
PI 
(kg/mol) 
VIV (kg/mol) 
P4VP 
(kg/mol) 
Tg 
(ºC) 
Mna PDIa Mnb PDIc Mnb 
φP4VP 
(%)b 
Con. 
(%)d 
DSC DMAe 
VIV_11 161.2 1.21 183.0 1.19 20.8 10.8 99% -58.8 -60.7 
VIV_16 161.2 1.21 196.3 1.13 35.1 16.1 90% -58.2 -60.8 
a The molecular weight and PDI of PI was measured by SEC in THF with 
refractive index (RI), light scattering (LS), and viscometer detectors. b The 
molecular weight of VIV and P4VP was calculated from Mn of PI and the chemical 
composition characterized by 1H-NMR. c The polydispersity of diblock copolymers 
IV were determined by SEC with multi detectors in THF/TEA (93/7). d The 
conversion of 4VP was calculated from 1H-NMR.  e The Tg reported here is the 
onset of the transition in the shear storage modulus.  
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Figure 4.7 Dependence of storage modulus (G’) and tan 𝛿 on temperature triblock 
copolymers. 
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that of traditional TPEs like SIS and SBS. The storage modulus decreased as the 
temperature increased across the Tg of the PI phase, which accounts for the glass-
to-rubbery transition of PI. The softening temperature at -60.2 ºC is close to the Tg 
measured by DSC, indicating the microphase separation between PI and P4VP 
segments, which is further confirmed by SAXS measurements.181, 182 The second 
relaxation expected for P4VP block was not observed above the reported glass 
transition temperature of 150 ºC for 10kg/mol or higher P4VP.183 This is possibly 
because the materials have difficulty reaching an equilibrium morphology with well-
organized phase separation due to the high molecular weight.  On the other hand, 
the presence of diblock copolymers PI-b-P4VP in the VIV TPE introduces dangling 
PI segments that are free to relax at a temperature above its Tg. McKay and co-
worker demonstrated the dilute effect of polystyrene-b-polybutadiene (SB) in SBS 
triblock copolymers and also observed decreased G’ with increased SB content.181 
The big drop in G’ of PI from the order of 109 Pa to 106 Pa could also be attributed 
to the diblock copolymers which diminish efficient P4VP physical crosslinks in the 
rubbery matrix. 
4.3.3 Microphase Separation Behaviors 
The self-assembly on the nanoscale of bulk IV and VIV samples with the 
same Mn of the PI block but different P4VP molecular weights were investigated 
by SAXS (Table 4.3). Microphase separation with hexagonally packed cylindrical 
(HPC) morphologies were observed in all three IV diblock copolymers, evidenced 
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Table 4.3 Characteristics of isoprene and 4-vinyl pyridine block copolymers 
ID 
Mn φP4VP q* d 
Morphology 
kg/mol % nm-1 nm 
IV_8 16.8 7.9 0.410 15.8 HPC 
IV_16 18.7 15.8 0.269 23.3 HPC 
IV_25 21.3 24.7 0.217 28.9 HPC 
VIV_11 183.0 10.8 0.153 55.4 HPC 
VIV_16 223.6 16.1 0.111 56.5 HPC 
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by q ratios of 1, 3, 7, 9,…., even in the lowest molecular weight (16.8k) IV_8 
with only 8 vol% P4VP. (Figure 4.8) The phenomenon of phase separation at low 
molecular weight could be attributed to the high incompatibility of P4VP and PI 
blocks (high Flory-Huggins parameter, χ). The χ of PI-b-P2VP is predicted to be 8 
times of the χ of PI-b-PS.184 Since P4VP is more polar than P2VP, we expect an 
even high immiscibility in its block copolymers with PI. Higher-order reflection 
vectors were observed as the molecular weights and φP4VP increases, indicating 
better ordered morphology. The average domain distance calculated from d = 6ef* 
are 15.8 nm, 23.3 nm and 28.9 nm for IV with 7.9 vol%, 15.8 vol% and 24.7 vol%. 
Larger domain spacing was formed as molecular weight and φP4VP increases.  
Triblock copolymers in this study also exhibit cylindrical morphologies. The 
SAXS profile with characteristic reflection vectors are shown in Figure 4.9. The 
domain spacing also increases as P4VP content increases.  
4.3.4 Stress-Strain Analysis of VIV Triblock Copolymers 
The tensile properties of VIV triblock copolymers with 11 vol% (VIV_11) and 
16 vol% (VIV_16) P4VP glassy components were studied. Each sample was 
tested three times and the average Young’s modulus (E), stress (σM), and strain 
(εB) are plotted and summarized in Table 4.4 and Figure 4.10. As expected for 
linear ABA TPEs with minority glassy component, the two samples are soft with 
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Figure 4.8 SAXS profile of IV block copolymers 
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Figure 4.9 SAXS profiles of VIV_11 and VIV_16. 
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Table 4.4 Young’s modulus (E), stress (σM), and strain (εB) of VIV_11 and VIV_16 
ID 
E 
(MPa) 
σM 
(MPa) 
εB 
(%) 
VIV_11 0.91±0.05 7.28±0.22 1498±144 
VIV_16 0.93±0.15 8.04±1.61 1733±39 
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Figure 4.10 Stress-strain behavior of VIV_11 (a), VIV_16 (b), and overlay of the 
two samples. 
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low Young’s modulus (~0.9 MPa). The high elongation can be attributed to high 
molecular weight of PI soft blocks and their abundant entanglements. The 
moderate stress at break gives indication that efficient physical crosslinks were 
formed because of microphase separation. Specifically, the VIV_16 displayed the 
best strength at break of 8.04 ± 1.61 MPa and strain at break of 1733 ± 39 %. 
VIV_11 sample with fewer P4VP percentage and lightly lower molecular weight 
showed slightly lower stress at break of 7.28 ± 0.22 MPa, and strain at break of 
1498 ± 144 %. Despite the presence of diblock copolymer contaminants, the 
overall stress-strain behavior of VIV_11 and VIV_16 is competitive with 
commercial SIS （Kraton D1163P） with similar composition (15 wt%) (tensile 
stress of 10 MPa and ultimate strain of 1400 %).185 The VIV TPEs also exhibits 
high elastic recovery. (Figure 4.11) The residual strain after 1700% elongation for 
VIV_11 is only 40%, less than the residual strain of 50% after 500% strain for SIS 
with 20% PS. Thus, the elastic recovery is improved for the P4VP based TPEs. 
4.4 Conclusion 
In conclusion, diblock PI-b-P4VP and high molecular weight triblock 
copolymers PI-b-P4VP were both prepared successfully via living anionic 
polymerization. The glass transition temperature of P4VP is higher than that of PS, 
rendering enhanced upper service temperature as compared to styrenic TPEs.  
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Figure 4.11 VIV_11 dog-bone specimen: (a) before stretching, (b) stretched to 
strain of 1700%, and (c) comparison of original length and recovered length. 
  
a
b c
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The distinct PI and P4VP blocks are highly immiscible and microphase separated 
into cylindrical morphology at low P4VP content (7.9 vol%). The mechanical 
properties of VIV triblock with 10.8 vol% and 16.0 vol% of P4VP show competitive 
mechanical properties to commercial Kraton D1163P with similar composition, 
even with presence of diblock copolymers that diminish the efficient physical 
crosslinking in the TPE. In addition, VIV are highly functionalizable triblock 
copolymers and enable facile ways to tailor TPE properties. 
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CHAPTER 5 CONCLUSION AND FUTURE WORK 
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5.1 Conclusion 
In summary, this dissertation focuses on fundamental advances towards 
developing thermoplastic elastomers with tunable mechanical, thermal, and 
morphological properties by using anionic polymerization techniques. 
First, we introduce possible approaches to prepare PBF macromonomers 
with tunable microstructure by anionic polymerization in polar (THF) and nonpolar 
(benzene) solvent. By initiating BF polymerization with the protected initiator 
TBDMPSLi, followed by deprotection and transesterification reaction, narrowly 
distributed styrenic end-functionalized PBF macromonomers were successfully 
prepared in benzene. The successful synthesis in hydrocarbon solvents makes it 
possible to change 1,2-/1,4-addition percentage of PBF macromonomer using 
polar additives, thus achieving tunable Tg. On the other hand, end capping living 
PBF with vinyl benzyl chloride in THF at low temperature successfully generated 
PBF macromonomer in a one pot reaction. Additionally, in alternative PBF 
macromonomer synthesis strategies, it was found that the reactivity of the PBF 
anion is too low to open the ring of ethylene oxide or to react with silyl chloride 
efficiently, which we believe can be attributed to the highly delocalized anion and 
steric hindrance of the bulky carbanion center.  
Furthermore, we demonstrated the correlation of PBF microstructure with 
polymer chain flexibility and glass transition temperature by a simple method using 
multi-detector SEC in THF. PBF with 23%, 33% and 99% 1,2-addition was 
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prepared by anionic polymerization.  THF was found to be a thermodynamically 
moderate solvent for PBF as indicated by a Mark-Houwink exponent of 0.63~0.67. 
By using the BSF extrapolation, we found that PBF possesses the highest 
characteristic ratio (7.6~12.2) of all polydienes, including PBD, PI, PEBD, and 
PMYRC, indicating its less flexible polymer chain. Moreover, as expected, C∞ 
correlates well to both 1,2-addition percentage and the Tg. We thus conclude that 
the less flexible PBF chain with more 1,2-addition contributes to its higher Tg.  
Finally, we designed and synthesized highly functionalizable ABA triblock 
TPEs, relying on polar hard blocks of P4VP as materials for versatile post-
polymerization modification, thus providing a facile solution towards tuning various 
properties of TPEs. The soft segment PI microphase segregates with the hard 
block P4VP into hexagonally packed cylindrical morphology while P4VP 
concentrations ranging from 7.9~24.7 vol%. The functionalizable VIV triblock TPE 
with 10.8 vol% and 16.0 vol% P4VP showed strain at break up to ~1700% and 
ultimate strength up to 8 MPa, which is comparable to commodity Kraton® with 
similar composition. Although the Tg for VIV triblock copolymers were not observed 
by DSC and DMA due to their high molecular weight (183.0 and 196.3 kg/mol), the 
6 kg/mol P4VP in low molecular weight diblock copolymer showed a Tg of 128.6 °C, 
indicating improved upper service temperature as compared to classic S-TPEs.  
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5.2 Future Work 
P4VP block copolymer TPEs show great potential for generating TPEs 
exhibiting tailorable mechanical properties and enhanced thermal properties. It will 
be very intriguing to study various functionalization approaches using the P4VP 
TPEs. For example, P4VP quaternization effect on thermal and mechanical 
properties. Different parameters could be varied for quaternization agents, 
including the functionality (difunctional, monofunctional), the R group type 
(aliphatic and aromatic) and length of aliphatic chain. Some proposed research is 
shown in Scheme 5.1. We expect to observe tunable thermal properties and 
mechanical properties.  
 
 
Scheme 5.1 Quaternization of P4VP TPEs with different quaternization agents. 
 
On the other hand, the relatively large quantity of P4VP TPEs needed for 
this research could be prepared by reversible addition-fragmentation chain 
transfer (RAFT) polymerization on a larger scale (~10 g). A proposed scheme is 
shown Scheme 5.2in where a poly(4-vinyl pyridine)-b-poly(n-butyl acrylate)-b-
N NN
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poly(4-vinyl pyridine) (P4VP-PBA-P4VP) triblock copolymer is prepared using a 
difunctional RAFT chain transfer agent (CTA).   
 
 
Scheme 5.2 RAFT polymerization of P4VP-PBA-P4VP to increase the synthesis 
scale. 
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